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INTRODUCTION 
This report  presents  data  on  a  Phase I tudy  of  auxiliary  power  units  to 
supply  hydraulic  and  electrical  power  for  both  the  orbiter  and  booster 
vehicles  of  the  space  shuttle.  The  program  objective  is  to  provide  analysis 
and  design  information  for  gaseous  oxygen/hydrogen  and  storable  propellant 
APU's.  Input  of  this  information  into  the  APU  tradeoff  studies  (Phase I) 
and  configuration  decisions  (Phase 11) will  ensure  that  APU  specifications 
are  realistic  and  achievable,  and  will  provide  a  basis  for  space  shuttle 
APU  development  programs. 
In  addition  to  meeting  APU  missi6n  requirements,  the  design  reflects 
pertinent  non-operational  criteria,  including  commercial  aircraft  reliability 
standards,  minimized  development  cost  and  risk,  minimized  dry  weight,  high 
performance  (low  specific  fuel  consumption),  use  of  state-of-the-art  materials 
and  technology  wherever  possible,  and  1000-hr  useful  life  capability. 
Discrete  preplanned  steps  are  arranged  to  reach  the  program  objectives  in 
an  efficient  manner  consistent  with  the  study  time  schedule.  These  steps 
are  on  the  establishment  of  system  specifications  (or  characteristics), 
the  creation  of  applicable  concepts,  a  design  analysis  of  those  functions 
to  obtain  design  requirements,  a  synthesis of the  data  resulting  from  the 
design  analysis,  and  an  evaluation of the  synthesized  concepts.  The 
evaluation  results  in  the  identification  of a preliminary  design  that  best 
satisfies  the  APU  requirements  and  criteria.  The  primary  evaluation  criteria 
are  those  consistent  with  space  shuttle  vehicle  criteria:  (1)  a  minimum  of 
new  technology  required, (2) inherent  simplicity, ( 3 )  low  weight, (4) 
flexibility  to  accommodate  mission  changes,  and (5) minimal  and  easy  system 
maintenance  and  refurbishment. 
The Phase I program  consists  of  system  definition,  operational  analysis,  and 
optimization  of  various  system  configurations  with  respect  to  weight, 
reliability,  and  development  risk. For purposes  of  analysis,  the AFW was 
separated  into  three  subsystems:  The  propellant  feed  system,  the  turbo- 
power  unit,  and  the  power  control  system. A total  of 18 H /O systems  and 
4 storable  propellant  systems  were  evaluated in Phase IB utilizing  a  digital 
computer  program  for  weight  optimization  and  analog  modeling  to  determine 
dynamic  operational  characteristics  and  control  requirements.  Propellant 
sources  considered  included  pumped  and  pressure  (supercritical)  fed  propellant 
and  high/low  pressure  gas  supply  from  a  vehicle  source.  Pressure  compounded 
and  velocity  compounded  two  stage  turbines  were  considered  for  the  turbo-power 
unit.  Three  power  control  methods  consisting of pressure  modulation,  pulse 
modulation,  and  a  hybrid  control  (area  modulation)  were  evaluated  with  various 
combinations  of  TPU  designs  and  propellant  sources. 
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SUMMARY AND CONCLUSIONS 
The first  phase  of  a  design  study for the Space  Shuttle  Auxiliary  Power 
System (APU) has  been  completed. The Phase IA evaluation  emphasized 
comparison  of  various  options  for  the  propellant  system,  turbo  power  unit, 
and  power  control  techniques as illustrated in Fig. 1. As a  result  of  the 
evaluations  conducted in Phase  IA,  the 22 specific  systems  shown in Fig. 2 
were evaluated in Phase IB. It was recommended  that  the  baseline  system 
for Phase I1  should  use  hydrogen  and  oxygen  conditioned  gaseous  propellants 
with hydrogen  supplied  from  vehicle  integrated  tanks.  The  turbo  power  unit 
(TPU) is  designed with  a two-stage  turbine  using  an  inlet  pressure  of 150 to 
600 psi. 
The Phase IB specified APU power  profile  is  shown  for  the  booster  and 
orbiter in Fig. 3 and 4 and the APU power  flow  needed  to  meet  the  requirements 
is illustrated in Fig. 5 .  In addition,  the  entire  APU  system,  including TPU 
and  propellant  conditioning  system,  was  designed  to  provide  steady  full  power, 
if  demanded, for sustained  periods.  The  propellant  conditioning  system  utilizes 
hydrogen to  perform  the  hydraulic  cooling  function  for  the  vehicle  in all H /O 
systems  evaluated. For  storables,  separate  cooling  is  supplied  by  a  water  boiler 
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During the  initial  Phase IB study  the  pressure  compound  turbine  was  compared 
with and chosen over  the  velocity  compound  turbine  due to  its  performance 
advantage  and known level  of  technol-ogy for  this  particular  high  turbine  Mach 
number  application.  Three  power  control  systems  (pulse,  pressure  modulation,  and 
hybrid), were investigated. The first  two were analyzed in depth. 
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A general APU schematic  as  synthesized is illustrated in Fig. 6. The  system 
is comprised of three  subsystems with their  associated  primary  functions  as 
noted: 
1. Propellant  Conditioning  System - acquires  and  conditions  the 
propellant as necessary  to  provide  controlled  mixture  of  gaseous 
propellants,  at  the  predetermined  temperature  and  pressure  to 
the  TPU. In addition  it  performs  the  necessary  cooling  of  the 
hydraulic  and  lubricating  oil. 
2. Turbo  Power  Unit - utilizes  the  propellants  to  provide  necessary 
hydraulic  and  electrical  power  to  the  vehicle in the  specified 
flight  profile. 
3. Power  Control  System - provides  speed  control  to  ensure  that  the 
TPU operates  within  specified  limits  providing  the  required  output. 
Utilizing  configurations  as  illustrated  in  Fig. 6 for  the H /O systems  and a 
configuration  for  the  storable  system  as  shown in Fig. 7 the 22 systems  shown  in 
Fig. 2 were  evaluated.  Five  general  system  types ( A ,  B y  C ,  D, and E) were 
defined,  each  typifying  a  different  propellant  supply  system.  The  evaluation 
was  performed  for  each APU system  optimized  for  a  booster  vehicle  and  for  an 
orbiter  vehicle,  as  well  as for a  common  system  utilizing  a  booster AFW in the 
orbiter. These  results  are  illustrated  in  Fig. 8 .  The  "best"  system  was  then 
chosen  from  each of  the  five  general  system  types  and'  compared with  each  other 
in  Fig. 9 for the  booster  vehicle  and  in  Fig. 10 for  the  orbiter  vehicle  using 
2 2  
a  common  booster APU. 
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The  High Pressure  Vehicle  Supplied €12/02 Gas System (D) and  Pumped  Hydrogen/ 
Supercritical  Stored  Oxygen  System (A) are  clearly  lowest in weight for both 
booster and  orbiter. For all  systems  the  pulse  modulated  power  control option 
is lower in weight.  Detailed  weight  breakdowns  are shown in Tables  1  and 2 
for the  booster  and  orbiter  systems. 
Figure 11 illustrates the advantages to be  gained  by considering booster/ 
orbiter  commonality. The weight  penalty  per APU and  the  vehicle  related  cost 
of orbiting  payload  assuming  three APU's per  orbiter  vehicle  proves to be  small. 
The various APU system  weights  are  compared in Fig. 12 in  terms of equivalent 
orbiter  system  weight*  and  vehicle  related  cost. The baseline  chosen was 
common APU's with six AF'U's per  booster  and  three  APU's  per  orbiter  vehicle. 
Estimates  for  the  development  costs of each of the major  APU  systems  are  shown 
in Fig.  13. Research,  Technology,  Development  and  Engineering (RTD&E) costs 
in  dollar  form  added  to  the A dollar  vehicle  related  costs  of Fig. 12 are 
compared.  The  Storable  Propellant  System (E-1)  indicates the  lowest  RTD&E 
cost while the High  Pressure  Supply  Gas H / O  Pulse  Control  System  (D-3) 
had the  lowest vehicle  related  costs.  The  total  costs  shown  in  Fig.  13 show 
a  definite  advantage  for  the  High  Pressure  Vehicle  Supply  Gas  System  over  all 
but the  Pumped  Hydrogen Gas System. The  latter, while somewhat  more expensive, 
is felt to be  cost  competitive. 
2 2  
The ground  support  equipment  necessary is not included in the cost  figures 
and  since  more GSE is  required  for the storable system, the H / O  system would 
appear  even  more  favorable  from a cost  viewpoint. 
2 2  
$<Equivalent orbiter weight = booster weight + orbiter related weight. 5 
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The  various  systems  were  rated  for  Reliability,  Development  Risk,  Maintainability, 
and  Flexibility as shown  in Fig.  14.  The  weighting  given  to  each  factor  is 
shown on the  left. A high  rating  number  is  favorable.  From  this  it  is  seen 
that  the  high  pressure  gas  system  is  most  reliable  (as  summarized  below), 
the  storable  system  most  developed,  the  low-  and  high-pressure  gas  system 
easiest  to  maintain,  and  the  pumped  hydrogen  system  most  flexible.  Overall, 
the  storable  and  high-pressure  gas  systems  rate  highest.  The  low  maintain- 
ability  rating  of  the  hydrazine  system  must  be  emphasized.  "In-flight" 
reliability is significantly  degraded  on  all  hydrazine  components  requiring 
close  tolerances,  tight  clearances,  and  sliding  fits  due to detrimental  effects 
of  propellant  residuals.  Hydrazine  in  extended  use  leaves  a  residue  which  can 
reduce  valve  response  times  or  in  the  extreme  prevent  valve  movement.  Achieving 
high  reliability  levels  therefore  is  dependent  on  frequent  maintenance  with 
its  attendant  costs. 
In systems  selection  criteria,  these  ratings  must  be  considered  together 
with  weight  and  cost  factors.  Figure 14 also summarizes  the  cost  data  from 
Figure 13. 
The APU systems  studied  were  also  evaluated  for  reliability.  Acceptable 
reliable  is  obtained  for  all of the  various  options,  The  most  significant 
influences  on  relative  system  reliability  are  due  to  pressure  system 
elements  (valves,  regulators),  propellant  modulation  control  complexity, 
and  tankage.  Therefore,  the  low-pressure  system  having  the  fewest  valves  is 
better  than  the  supercritical  system  which  has  more  valves,  and  the  pumped 
system  which  requires  a  pump.  Pulse  modulation  is  more  reliable  than 
pressure  modulation  because  a  single  bipropellant  valve  replaces  the  dual 
21 
SYSTEM RATING 
(COMMON APU 
A I B I -  C 
RAT I NG 
D 
H I G H  PRESSURE GAS 
\ E L I A B I L I T Y  35 11  1 1  
IEVELOPMENT 
R I S K  4 6 
COST-DELTA MILLION DOLLARS 
~~~ 
E 
STORABLE 
El 
VEHICLE  RELATED 
FIGURE 14 
modulation  valves  and  also  provides  shutoff  capability  without  separate 
valving.  Area  modulation  is  least  reliable  because  of  required  complexity 
and  devezopment  risk. If  vehicle  tankage  can  be  used  instead of separate 
APU related  tankage,  reliability  is  enhanced  because  of  the  elimination  of 
fill,  drain,  and  relief  controls. 
The  choice  between  pulse  and  pressure  modulation  for  the  power  control  is  a 
function  of  propellant  pressure  available  from  the  vehicle.  Figure 15 
illustrates  the  vehicle  related  cost  and  weight  differences  between  a  pulse 
and  pressure  modulated  system  as  vehicle  propellant  supplied  design  pressure 
is  varied. As the  vehicle  supply  pressure  level is reduced  the  pulse  control 
system weight  advantage  increases.  The  vehicle  supply  pressure  must  be  large 
enough  to  accommodate  control  and  injector  pressure  drops  as  well  as  line 
losses. 
A s  a  result  of  the  study,  a  vehicle  integrated,  high-pressure  gas  supply  system 
was  selected.  The  conclusions  are  summarized  in  Fig.  16.  The H 10 would 
be  supplied  to  the APU by  propellant  accumulators  sized  to  supply  the  attitude 
control system(s). Figure  16  also  indicates  the  region  of  overlap  where 
pulee  and/of  hybrid as well as pressure  modulated  power  control  systems  are 
applicable.  The  overlap  region  comprises  a  grey  area  where  the  systems 
are  competitive  and no clear  cut  overall  advantage  for  either  exists. 
2 2  
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In  the  event  that  propellant  is  not  made  available  from  the  vehicle  and 
a  nonintegrated  system  must  be  selected,either  the  supercritical  storage 
system (B-1)  with  pulse or hybrid  power  control or the pumped  hydrogen 
system  appear  to be the  best  compromise. 
The  nonintegrated  pumped  system  saves  considerable  weight  over  the  super- 
critical  system,  but  a  reliable  hydrogen  pump  with  the  required flow 
and  modulation  capacity  is  not  available. It is,  therefore,  recommended 
that  applicable  pump  technology  be  developed  if  a  nonintegrated  system 
is contemplated. 
In  comparing  various  systems,  it  is  also  necessary to summarize  the  status 
of the  applicable  technology.  Figures 17 and 18  identify  the  technology 
status  for  the H / O  and  the  storable  propellant  systems.  Those  components 
and  functions  of  the H / O  APU  requiring  an  advancement  in  technology  are 
shown in  Fig. 17. An  asterisk  is  placed  next  to  those  items  which  are  deemed 
critical  to  the  APU  development,  and  the  extent  of  the  technology  effort 
required  is  estimated. 
2 2  
2 2  
If a vehicle  gas  supply  aystem  is  developed,  the  hydrogen  pump  assembly, 
drive  and  propellant  acquisition  are  not  applicable.  The  deep  throttling 
requirement  of  the  combustor  assembly  is  not  applicable  to  a  pulsed  system, 
and  is  substantially  reduced  for  a  hybrid  system.  If  a  pulsed  power  control 
is  not  selected,  the  valve  and  combustor  cycles  life  requirement  as  well 
as the  turbine  blade  thermal  cycling  are  not  applicable. 
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I It is recomuendec d that  the  major  technology  effort  be  concentrated on 
the  reference  propellant  conditioning  system.  Developmentof  this  system  is 
mandatory  for  the  successful  development of the APU system.  Furthermore,  it 
is  useable  with  any  power-control  selection,  pulse,  pressure,  and  hybrid 
controls. 
From  Fig. 18  it  is  seen  that  most  aspects of the  hydrazine  system  are  well 
developed  but  that  some  developmental  effort  will  be  required  before  a 
system is usable. 
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PRFLIMTNARY  ANALYSIS - PHASE IA 
A t  t h e  o u t s e t  of t h e  program, a p r e l i m i n a r y  analysis was performed t o  
i d e n t i f y  t h e  necessary component, subsystem, and system i n f o r m a t i o n  t o  p r o -  
v i d e  a comparison between candidate  systems. A more r e f i n e d  a n a l y s i s  was 
then performed i n  Phase IB. F i g u r e  1 desc r ibes  the  va r ious  componen t -  
o r i en ted  combina t ions  eva lua ted  in  Phase  I A  f o r  e a c h  o f  t h e  t h r e e  m a j o r  
subsystems, i.e., Propel lant   Feed,   Turbo  Power  Unit   and  Power  Controls .  The 
P r o p e l l a n t  F e e d  S u b s y s t e m  i n c l u d e s  t h e  necessary t ankage  ar.d p r e s s u r i z i n g  o r  
pumping  equipment as well as the   p rope l l an t   cond i t ion ing   Subsys t em.  The 
subsystems were chosen and combined i n t o  v a r i o u s  system Combinations t o  
allow c o m p a r a t i v e  e v a l u a t i o n  f o r  s e l e c t i o n  of t h e  "best" combination of com- 
ponents  and  subsystems. The propel lan t   sys tems  chosen  are r e p r e s e n t a t i v e  
of t h e  wide  range  of  vehic le  in f luenced  propel lan t  suppl ies  which  may be 
a v a i l a b l e .  
The results of t h i s   s t u d y  were p r e s e n t e d  i n  t h e  F i r s t  M o n t h l y  T e c h n i c a l  
P r o g r e s s  N a r r a t i v e  c o v e r i n g  work done i n  September 1970. Key e lements  of 
t h i s  r e p o r t  are r e p r i n t e d  h e r e  as Appendix A fo r  comple t eness  and  r e fe rence .  
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APU TRADE OFF STUDTES - PHASE I B  
APU SYSTEM OPTIMIZATION 
The boos ter  and  orb i te r  miss ion  prof i les  requi re  APU operat ion over  a wide 
range of power a t  a l t i tudes  vary ing  f rom sea l e v e l   t o  vacuum ambient 
conditions.  Consequently,  turbopower u n i t  operation  can  be  achieved a t  t h e  
maximum e f f i c i ency  des ign  po in t  fo r  on ly  a p a r t  of t h e  t o t a l  m i s s i o n  
dura t ion .  Tota l  APU system weight, of which the  p rope l l an t  i s  a major por- 
t i o n ,  i s  then  s t rongly  inf luenced  by turbine off-design performance. 
Se lec t ion  of t h e  t u r b i n e  d e s i g n  p o i n t  r e s u l t i n g  i n  a minimum weight system 
must t h e n  be accomplished by parametric analysis. 
During Phase IA, two d i g i t a l  computer programs were w r i t t e n  t o  c a l c u l a t e  
t o t a l  system weight based upon a given turbine design and rclission p r o f i l e .  
Program SSAPU u t i l i z e d  a pressure modulation power cont ro l  and SSAI’UZ a 
pulse modulation power c o n t r o l .  I n p u t s  t o  t h e  programs c o n s i s t  of f i x e d  
weights, such as the turbine,  gearbox,  hydraul ic  pumps, a l t e r n a t o r ,  
combustor ,   valves ,   e tc ,   turbine  design/off-design  character is t ics ,  and 
mission power, a l t i t u d e ,  and  durat ion  requirements .   Total   propel lant  
required and i t s  assoc ia ted  tankage  weight  for  var ious  types  of  sources  
( s u p e r c r i t i c a l ,  low pressure ,  vehic le  in tegra ted  o r  self -contained) i s  
combined with fixed weight, heat exchanger, hydrogen pumps, and super- 
c r i t i ca l  hea t e r  we igh t s ,  w i th  10% of fixed weight f o r  support  structure, 
t o  determine APU t o t a l  w e i g h t .  
Turbine performance degradation occurs for pressure ratios less  than 
design, which can result from t h r o t t l i n g  and back pressure increases  for  
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pressure modulat ion control ,  and back pressure increases  for  pulse  control .  
I n  t h e  p r e s s u r e  modulated system a d e g r a d a t i o n  i n  i n j e c t o r  c o m b u s t i o n  
e f f i c i e n c y  due t o  t h r o t t l i n g  o c c u r s .  I n  t h e  p u l s e  system degrada t ion  occurs  
due t o   t h e  time l a g  r e q u i r e d  t o  b u i l d  u p  t o  p e a k  ( d e s i g n )  t u r b i n e  i n l e t  
p ressure  a f te r  opening  the  bipropel lant   valves .   These  degradat ions are 
accounted  for  in  the  programs,  Addi t iona l  assumpt ions  inc lude  a l lowance  
f o r  5% prope l l an t  r e se rve  a t  t h e  end of the  miss ion ,  95% expul-sion 
e f f i c i e n c y ,  and 5% volume u l l a g e  a t  t h e  end o f  p rope l l an t  f i l l .  Tankage 
material i s  2219-T'87 aluminum with a s a f e t y  f a c t o r  o f  2.0 on t h e  u l t i m a t e  
f o r  p r e s s u r i z e d  d e s i g n s  o r  minimum wall of 0.020 i n c h  f o r  low p res su re  (40 
ps ia )  tankage .  An allowance  of 20% o f  she l l  we igh t  was made f o r  f l a n g e s  
and welds. 
Phase I A  system weight analysis was performed f o r  a n  i d e a l i z e d  m i s s i o n  
p r o f i l e  and  severa l  tu rb ine  des igns  ranging  f rom 2 s t a g e  v e l o c i t y  and 
pressure compounded supersonic machines t o  a i~ s t age  p res su re  compounded 
subsonic machine. 
Results of the  Phase  IA analys is  ( see  Pre l iminary  Analys is -Phase  I A -  
Appendix) were reviewed by NASA and t h e  systems t o  b e  c a r r i e d  i n t o  t h e  
Phase I B  s tudy  were se l ec t ed .  
For Phase IJ3 a new p r o f i l e  was p rov ided  fo r  t he  boos te r ,  w i th  an  add i t iona l  
ana lys i s  requi rement  t o  determine optimum o r b i t e r  APU system weight. based 
on a n  o r b i t e r  m i s s i o n  p r o f i l e .  The e f f e c t  on system weight  of  using the 
boos te r  APU i n  t h e  o r b i t e r  v e h i c l e  was a l s o  t o  be exp lo red .  In  add i t ion ,  
a n a l y s i s  t o  d e t e r m i n e  t h e  s e n s i t i v i t y  of system weight t o  v a r i a t i o n s  i n  
miss ion  dura t ion  and power l e v e l  was requested.  
3 2  
The power and a l t i t u d e  p r o f i l e s  were approximated by d i s c r e t e  slices f o r  
computer input wi.th 18 i n t e r v a l s  f o r  t h e  b o o s t e r  ( F i g .  19 ) and 15 
i n t e r v a l s  f o r  t h e  o r b i t e r  ( F i g .  20 ). A t o t a l  of 18 d i f f e r e n t  H2/02 system 
t y p e s  were eva lua ted  assuming vehic le  in tegra ted  tankage  for  a high and 
low pressure  gas  source ,  supercr i t ica l  s torage ,  and  pump fed hydrogen and 
f o u r  s t o r a b l e  systems were evaluated.  Three types of  power c o n t r o l  were 
considered:  pressure  modulation,  pulse modulatrion,  which were i n v e s t i g a t e d  
i n  d e t a i l ,  and hybrid on which a p re l imina ry  ana lys i s  was conduct.ed. The 
hybr id  cont ro l  u t i l i zes  two combustors  each  feeding  a separate  nozzle  block 
t o  p rov ide  c lose  to  des ign  ope ra t ion  a t  both mode and  peak  power. The low 
power combustor is control. led by pressure modulatior,  and t h e  h i g h  powered 
combustor u t i l i ze s  e i the r  pu l s ing  o r  p re s su re  modu la t ing  con t ro l .  Both 
ve loc i ty  and  p res su re  compounded two  s t age  tu rb ines  were cons ide red  in  
var ious combinat ions with propel lant  sources  and  power c o n t r o l s ,  a s  shown 
i n   F i g .  2 . 
Computer r e s u l t s  are p resen ted  in  F igu res  2 1  and 2 3  f o r  t h e  b o o s t e r  and 
o r b i t e r  APUs showing t h e  e f f e c t  o f  t u r b i n e  d e s i g n  p r e s s u r e  r a t i o  on t o t a l  
system weight. eor fixed m a x i m u m  i n l e t  p r e s s u r e  as i n d i c a t e d  i n  F i g .  2. 
Resu1t.s showjng optimum system weights and boost-er and orbiter APlJ weight 
is  summarized i n  F i g .  8. The supercr i t . ica1 and low pressure  gas  systems 
are not  compet i t ive on a w e i g h t  b a s i s  w i t h  e i t h e r  t h e  pump f e d  o r  high 
pressure  gas  systems. The l i g h t e s t  w e i g h t  system u t i l i z e s  600 psia  gaseous 
propellant,  with a pu l se  con t ro l l ed  p re s su re  compounded t u r b i n e  ( D 3 ) .  The 
optimum boos ter  APU weighs 586 pounds and t h e  optimum o r b i t e r  318 pounds. 
The weight penalty f o r  u s i n z  t h e  optimum boost,er APU i n  t h e  o r b i t e r  i s  only 
5 pounds ( 2 % ) .  The use of a p u l s e  power cont ro l  compared t o  a p r e s s w e  
modul.ated c o n t r o l  saves 127 pounds on t h s  boost.er AYJ (18%) and 211 pounds  on 
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t h e  o r b i t e r  APU (7%). This  i s  d u e  p r i m a r i l y  t o  t h e  e f f e c t  of ambient  pressure 
and power level on SPC, which is presented i n  Fig.  23 . The p u l s e  c o n t r o l l e d  
system (D3) SPC shows modest s e n s i t i v i t y  (10% i n c r e a s e )  t o  r e d u c t i o n  i n  
power and increased  back  pressure  opera t ion  whi le  the  pressure  modula ted  
system (D3A) i s  v e r y  s e n s i t i v e  (30% inc rease ) .  Changing t h e  p r o p e l l a n t  
s o u r c e  t o  a pumped hydrogen - s u p e r c r i t i c a l  oxygen system incurs a pena l ty  
of 22 pounds f o r  t h e  b o o s t e r  and 20 pounds f o r  t h e  o r b i t e r  (A3). A hybrid 
power con t ro l  w i th  a 600 ps ia  gas  source  weighs  637 pounds f o r  t h e  b o o s t e r  
and 333 pounds f o r  t h e  o r b i t e r  (D8) , an increase of  about  9% and 5% 
r e spec t ive ly ,  compared wi th  a pulse  power c o n t r o l .  A breakdown  of  each 
sys t em wi th  r e spec t  t o  ind iv idua l  component weight was presented in Tables 1 
and 2 f o r   t h e   b o o s t e r  and o r b i t e r  APU, r e spec t ive ly .  The mission SPC 
based upon gearbox output and burned p rope l l an t  i s  i n d i c a t e d  f o r  e a c h  
system.  System D3 has  the  lowes t  SPC, 2.06 lb/HP-HR f o r  t h e  b o o s t e r  and 
2.00 lb/HP-HR f o r   t h e   o r b i t e r .  
D i f f e r e n c e s  i n  t o t a l  system weight and SPC as a f fec t ed  by power c o n t r o l  and 
system type are p r e s e n t e d  i n  bar c h a r t  form i n  F i g u r e s  24 , 25 , and 10 f o r  
t h e  optimum boos ter ,  o rb i te r ,  and  boos ter  APU i n  t h e  o r b i t e r ,  r e s p e c t i v e l y .  
The s e n s i t i v i t y  of system weight and SPC with  m a x i m u m  t u r b i n e  i n l e t  p r e s s u r e  
was determined f o r  a gaseous  propel lan t  source  pressure  ranging  f rom 230 
p s i a  (PT 150) t o  860 p s i a  (PT 600) for   p ressure ,   pu lse ,   and   hybr id  
c o n t r o l .  Results are p r e s e n t e d   i n   F i g u r e s  26 , 27 , and 28. A r educ t ion  
in  source  pressure  f rom 860 p s i a  t o  230 p s i a  i n c r e a s e s  t h e  b o o s t e r  APU 
p r e s s u r e  c o n t r o l l e d  sZstem weight penalty from 127 pounds t o  235 pounds. 
The heaviest  pulse  system (DS, PT = 150 p s i a )  is &O pounds l i g h t e r  t h a n  t h e  
l ightest  pressure modulated system (D3A,  PT = 600 p s i a ) .  
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Effect of Enerm Requirement 
A spec ia l  s tudy  was ini t ia ted during Phase IB t o  de te rmine  the  sens i t iv i ty  
o f   t o t a l  H /o APU system weight t o   v a r i a t i o n s   i n  mission energy require- 
ments. The study was necess i ta ted  to  provide  input  da ta  f o r  t o t a l  v e h i c l e  
system weight studies,  recognizing the present uncertainty i n  APU power 
and dura t ion  estimates. An  APU system u t i l i z i n g  high pressure (860 ps i a )  
vehicle supplied gaseous propellants at 200R was se lec ted  for  eva lua t ion .  
Turbine performance was ca lcu la ted  at severa l  peak power l e v e l s   f o r  a two 
s tage pressure compounded machine assuming a 600 p s i  in le t  pressure a t  a 
des ign  pressure  ra t io  of 50 with a pulse modulated power cont ro l  system. 
The e f f e c t  of gearbox power l e v e l  on turbine,  combustor, gearbox, a l t e rna to r ,  
and hydraulic pump( s)  weight was estimated from Rocketdyne and vendor 
technology data t o  provide  f ixed  weight  input  to  the  APU system weight 
ana lys i s  computer  program (SSAPU2).  The mission booster profile was 
s impl i f ied  by assuming operation a t  only two power l e v e l s  (peak-mode) with 
95% of mission duration at mode and 5% at peak. The a l t i t u d e  p r o f i l e  was 
assumed t o  be 10% operation a t  sea l eve l ,  808 a t  10 psia,. and 10% at  
vacuum. Four peak-mode power l e v e l s  were analyzed over a range of mission 
energy requirement from 50 t o  250 W-m. 
2 2  
Results of the  s tudy  shown i n  F i g .  29 i n d i c a t e  t h a t  system weight increases 
a t  a rate of about 270 pounds pe r  100 HP-HR, approximately independent of 
peak-mode power l eve l .  The optimum booster AF'U t o t a l  weight f o r  system D3 
f o r   t h e  Phase I B  p r o f i l e  (137 HP-HR) falls on t h e  250-40 HP curve, so t h a t  
this  curve should be fairly representa t ive  of t h e  effect of mission duration 
changes on the high pressure gas  booster  N U  system weight (D3). 
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E f f e c t  of Source Pressure 
The effect of hydrogen source pressure on t o t a l  system weight f o r  system A 
(pumped Hz, s u p e r c r i t i c a l  02) and B ( s u p e r c r i t i c a l  H2/02) is  shown i n  
F ig .  30 . The pressure  modulated  supercr i t ical  system ( B )  weight i s  
e s sen t i a l ly  independen t  o f  hydrogen  source  p re s su re  fo r  l eve l s  below 600 
p s i a .  The improved SPC and corresponding reduct ion in  propel lant  weight  
w i th  inc reas ing  pressure i s  o f f - s e t  by increased tankage weight.  The pu l se  
c o n t r o l l e d  supercrit ical  system weight  increases  a lmost  l inear ly  with 
source  pressure  at a rate of about 0.2 l b /ps i ,  w i th  the  inc reased  t ank  
weight  dominating a s l i g h t  SPC improvement wi th  p re s su re .  In  the  pump-fed 
system, low pressure  tankage  is  used s o  t h a t  t o t a l  system weight i s  
reduced with increasing pressure.  The pressure  modulated  system i s  more 
s e n s i t i v e  t h a n  t h e  p u l s e  c o n t r o l l e d  system because of t h e  r e l a t i v e l y  l a r g e  
off-design performance degradation of t .he former a t  low reduced turbine inlet 
p re s su re .  P resen t  l imi t a t ion  on pump d i s c h a r g e  p r e s s u r e  f o r  low s p e c i f i c  
speed hydrogen pump (based on r ecen t  tests by Pesco, Div. of Borg  Warner) 
i s  ind ica t ed  on t h e  f i g u r e .  A 100-pound  weight  saving results with a 
pumped v e r s u s  s u p e r c r i t i c a l  system based upon present technology (PDIs 
260 p s i a ) .  As pump discharge  pressure  increases , the  weight   savings 
inc reases  s ign i f i can t ly ,  app roach ing  200 pounds f o r  a 600 ps i a  sou rce  
p r e s s u r e ,  r e p r e s e n t i n g  c l o s e  t o  5 m i l l i o n  d o l l a r s  i n  v e h i c l e  related and RTD 
& E cos t s .  Pump development t o  achieve  h igher  d ischarge  pressures  i s  
thought feasible by P e s c o  f o r  o n l y  a f r a c t i o n  of t h e  c o s t  s a v i n g s ,  i n d i c a t -  
i n g  s t r o n g  i n c e n t i v e  f o r  s e l e c t i o n  o f  a pumped system over a s u p e r c r i t i c a l  
system. 
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Effect  of  Combustor  Inlet  Temberature 
The  Phase 1B SS/APU system  weight  optimization  analysis  was  based,  in 
part,  on an assumed  combustor  inlet  temperature  of 600 R, combustion 
temperature  of 2015 R, mixture  ratio  of 0.835, and  C-star  efficiency  of 
98$. Selection of this  operating  condition  was  predicated on turbine 
stress  considerations  and  analysis  to  evaluate  the  effect  of  combustor 
inlet  temperature  on  propellant  related  system  weight  (propellant  plus 
tankage  plus  regenerator). To determine  the  effect  of  other  values  of 
inlet  temperature  on  system  weight, a more  detailed  analysis  was  made. 
System  D3,  utilizing  high  pressure (860 psia  source)  gaseous  propellants 
at a supply  temperature  of 200 R, was  selected  to  determine  the  optimum 
combustor  inlet  temperature  for a fixed  combustion  temperature  of 2015 R. 
Variations of specific  impulse,  mixture  ratio,  and  spouting  velocity 
with  inlet  temperature  ranging  from 200 R to 1000 R were  evaluated  using 
a digital  computer  program  for  the TPU optimum  design  inlet  pressure 
(600 psia)  and  pressure  ratio (50). At  the  preselected  design  point  of 
600 R, a total  propellant  weight  of 298 pounds  is  required  for  the  Phase 1B 
booster  mission  profile.  This  weight  was  recalculated  for  new  inlet 
temperatures,  taking  the  effect  of  changing  specific  impulse,  turbine 
efficiency,  and  tank  weight  into  account.  Because  the  adiabatic  head 
increases  with  increasing  temperature,  more  energy  is  available.  But,  this 
a l s o  increases  spouting  velocity,  decreasing u/Co, and  decreasing  turbine 
efficiency. For purposes  of  analysis,  two  approaches  were  taken:  turbine 
efficiency  was  assumed  constant  (optimistic)  and  turbine  efficiency  was 
assumed  proportional  to  u/Co  (pessimistic). For the  latter  case,  efficiency 
varies  as  1/Isp  for  constant u because Co is proportional  to  Isp. 
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Results o f  t he  study are shown i n  F i g . 3 1  i n d i c a t i n g  t h a t  t h e r e  i s  l i t t l e  
i n c e n t i v e  t o  d e s i g n i n g  f o r  h i g h e r  t h a n  600R inlet  temperature .  The 
t o t a l  weight curves optimize a t  about 9 0 0 R  but i n d i c a t e  a weight saving 
of   only 4 pounds f o r  t h e  v a r i a b l e  and  about 1 2  pounds f o r  t h e  c o n s t a n t  
case. The p o t e n t i a l  f o r  improved b ip rope l l an t   va lve  l i f e  f o r  t h e  
600R system o v e r  t h e  900R system cou ld  be  t r aded  aga ins t  t he  small weight 
savings.  If v e r y  l a r g e  q u a n t i t i e s  of p r o p e l l a n t  were requ i r ed  h ighe r  
i n l e t  t e m p e r a t u r e s  would be j u s t i f i e d .  
)i)T 
4T 
Effect of Cooling Requirements on Hydrogen Control  
The c o n t r a c t u a l  r e q u i r e m e n t  t h a t  t h e  AF'U be the rma l ly  self contained,  i.e., 
t h a t  no h e a t  b e  t r a n s f e r r e d  t o  t h e  v e h i c l e ,  makes it n e c e s s a r y  t o  u s e , t h e  
hydrogen t o  c o o l  t h e  h y d r a u l i c  o i l  and t h e  l u b r i c a t i n g  o i l .  I n  b o t h  of 
t h e s e  cases t h e  h e a t  l o a d  i s  f ixed ,  s o  t h a t  t h e  t e m p e r a t u r e  rise i n   t h e  
hydrogen is determined. 
It is, o f  cour se ,  a l so  necessa ry  to  con t ro l  t he  t empera tu re  o f  bo th  the  
hydrogen  and t h e  oxygen entering the combustor chamber.  Analysis has 
shown t h a t  t h e r e  i s  l i t t l e  t o  be gained by a l l o w i n g  t h i s  t e m p e r a t u r e  t o  
exceed 600R. The design point  has  been chosen with inlet  gas  temperature  
at 600R. A tempera ture  equal izer  i s  pos i t ioned  ahead  of  the  combustor  
chamber t o  e n s u r e  e q u a l  t e m p e r a t u r e  l e v e l  i n  t h e  two gases. 
50 
COMBUSTOR INLET TEMPERATURE OPTIMIZATION-SYSTEM D-3 
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Adjustment of 'gas temperature is accomplished i n   t h e   r e g e n e r a t o r  where 
h e a t  i s  acquired from t h e  exhaust gases.  By us ing  a bypass around the 
r egene ra to r ,  con t ro l  is maintained. 
The arrangement of the  regenera tor ,  hydraul ic  and  lube-o i l  coolers  has  
been  studied  and i s  shown i n  F i g .  32 . Because exposure of t h e  o i l s  t o  
cryogenic  temperatures  may result i n  f r e e z i n g ,  e s p e c i a l l y  of "deadtt 
f l u i d  a t  s t a r t u p ,  i t  i s  d e s i r a b l e  t o  regenera te  first. T h i s  e n s u r e s  t h e  
supply of warm hydrogen. To maintain 6GOR (140F) a t  t h e  i n l e t  t o  t h e  
combustor, t h e  minimum hydrogen  tempera ture  in to  the  lube-o i l  cooler  i s  
66F which i s  cont ro l led  by  the  regenera tor  bypass .  The r equ i r ed  
hydraul ic-oi l  cooler  hydrogen in l e t  t empera tu re  va r i e s  between -305 ( f u l l  
hydraul ic   cool ing)   and +66F (no hydraul ic   cool ing) .  The corresponding 
tube-wall  temperatures vary between -100 and +15OF which i s  above t h e  pour 
point, of t h e  h y d r a u l i c  f l u i d .  If' t h e  re la t ive 1.ocation of t h e  c o o l e r  
i s  reversed,   and  hydraul ic   cool ing is r equ i r ed  without lube cooling, 
the rrdeadl t  lube o i l  would see a -2OOF hydrogen temperature which could 
p lug  the  cooler  depending  upon t h e  d u r a t i o n  of  this out-of-phase cooling 
condi t ion .  
For purposes of analysis t h e  e f f e c t i v e n e s s  o f  t h e  c o o l e r s  was assumed 
cons tan t  (6 = 69%, = SSg), with  maximum hydraul ic   and  lube  cool ing 
loads  of 25 Btu/sec and 7 Btu/sec respect ively,  being accommodated by a 
hydrogen flow of .0177 lb / sec  (SPC = 2.1 0 56 HI'). Since  the  lube  coo le r  
i s  a counter f low type  the  lube  o i l  in le t  t empera tures  de te rmine  hydrogen  
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exi t  temperature ( e q u a l i z e r  i n l e t ) .  The r egene ra to r  was assumed t o  be 
i n   t h e  100% bypass mode provid ing  hydrogen  in to  the  hydraul ic  cooler  at 
the  veh ic l e  sou rce  t empera tu re .  As vehic le  hydrogen  tempera ture  increases  
t h e   l u b e   o i l  i n l e t  temperature  must i n c r e a s e  f o r  t h e  hydrogen t o  serve as 
t h e  h e a t  s i n k  f o r  t h e  7 Btu/sec load.  A m a x i m u m  combustor  in le t  
temperature is then uniquely determined by the  lube  coo le r  and  equa l i ze r  
e f f ec t iveness .  Results of t h e   s t u d y  are p r e s e n t e d   i n   F i g .  3 2 . .  The 
r eg ion  be low the  cu rve  r ep resen t s  cond i t ions  fo r  which adequate  cool ing  
is provided by t h e  hydrogen. Auxiliary coo l ing  must be p r o v i d e d  f o r  
po in ts  above  the  curve .  If t h e  s o u r c e  temperature i s  less than  m a x i m u m  
f o r  a g iven  lube-o i l  t empera ture , the  regenera tor  will provide  the  addi -  
t i o n a l  h e a t  r e q u i r e d  i n  o r d e r  t o  a c h i e v e  t h e  m a x i m u m  combus to r  i n l e t  
temperature.  The m a x i m u m  recommended cont inuous   opera t ing   tamnera ture  
of MIX-i-23699 o i l  i s  LOOF s o  t h a t  a vehic le  source  tempera ture  of about 
370R i s  a c c e p t a b l e  r e s u l t i n g  i n  a combustor i n l e t  t e m p e r a t u r e  of  BOOR 
f o r  t h e  85$ e f fec t iveness  lube  coo le r .  Reduced c o o l e r  e f f e c t i v e n e s s  
r e s u l t s  i n  l o w e r  combustor i n l e t  t empera tu re .  
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- M U  SYSTEM DEFINITION 
The Space  Shut t le  APU cons is t s  of  th ree  major  subsys tems as shown i n  F i g .  33. 
1. The p rope l l an t   cond i t ion ing  system 
2. The t u r b o  power u n i t  
3. The power c o n t r o l  
Although the power c o n t r o l  i s  al. i n t e g r a l  part o f  t h e  t u r b o  power u n i t ,  
i t s  des ign  has  major  impl ica t ions  on t h e  rest o f  t h e  APU and f o r   t h a t   r e a s o n  
i s  considered as a separate  subsystem. 
Propel lant  Condi t ioning 
The major  tasks  of  the propel lant  condi t ioning subsystem are: 
1. t o  c o n t r o l  mixture r a t i o  t o  t h e  TPU 
2. t o  e s t a b l i s h  t h e  p r o p e r  l e v e l  o f  p r o p e l l a n t  p r e s s u r e  and 
t e m p e r a t u r e  t o  t h e  T P U  i n l e t  
3 .  t o  accommodate va r i ab le  hydrau l i c  and  lube  o i l  coo l ing  loads. 
M i x t u r e  r a t i o  is  c o n t r o l l e d  t o  t h e  TPU by t h r e e  s e p a r a t e  f u n c t i o n s :  
1. t h e  relative va lue  of hydrogen  and  oxygen  pressure i s  maintained 
near ly  cons tan t  a t  t h e  main p rope l l an t  va lve  ("1) i n l e t .  T h i s  
i s  accomplished by a d i f f e r e n t i a l  p r e s s u r e  r e g u l a t o r  l o c a t e d  i n  
t h e  o x i d i z e r  l i n e  just  upstream of the TPU.  The r e g u l a t o r  s e n s e s  
hydrogen  p res su re  and  th ro t t l e s  t he  ox id ize r  t o  equa l i ze  p re s su res .  
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MAJOR SUBSYSTEM TASKS 
LPROPELLANT CONDITIONING SYSTEM I 
MAJOR  TASK: 
0 MR CONTROL TO TPU 
. M A I N T A I N   T P U   P R O P E L L A N T   I N L E T  
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MAJOR  TASK:  
0 SPEED  CONTROL  OVER  POWER/ 
ALTITUDE  OPERATIONAL  ENVELOPE 
METHODS ( 3 )  : 
0 PRESSURE  MODULATION OF TPU 
0 PULSE  MODULATION  OF  TPU POWER 
0 HYBRID (PRESSURE + AREA MODULATION) 
2. t h e  relative value of hydrogen and oxygen temperature i s  maintained 
near ly  cons tan t  at t h e  MPV i n l e t .  This is  accomplished  by a 
pass ive  H2-02 temperature  equal izer-heat  exchanger .  
3. t h e  main p rope l l an t  valves are mechanically l inked and provide a 
cons tan t  effective area ra t io  independent  of  va lve  pos i t ion  thus ,  
mixture r a t i o  i s  maintained constant  a t  a l l  power l e v e l s .  
The a c c u r a c y  o f  t h i s  c o n t r o l  i s  of course dependent upon the accuracy with 
which t h e  above functions can be accomplished during both steady state and 
t rans ien t  per formance .  Propel lan t  pressure  leve l  i s  e s t a b l i s h e d  by a 
p r e s s u r e  r e g u l a t o r  l o c a t e d  i n  t h e  h y d r o g e n  s u p p l y  l i n e  t o  t h e  APU. It should 
be  no ted  tha t  p rope l l an t  p re s su re  l eve l  at t h e  TPU i n l e t  may vary over a 
moderate range as a r e s u l t  ( f o r  example) o f  a v a r i a t i o n  i n  PCS pressure  drop  
or  regula tor  inaccuracy ,  wi thout  any  de t r imenta l  e f fec t  t o  performance, 
P r o p e l l a n t  t e m p e r a t u r e  l e v e l  d e l i v e r e d  t o  t h e  T P U  is con t ro l l ed  by t h e  
r egene ra to r  a n d  f l o w  s p l i t t e r  c o n t r o l .  TPU hydrogen in l e t  temperature  i s  
maintained near ly  constant  independent  of  supply temperature  var ia t ions,  
hydrau l i c  and /o r  l ube  o i l  coo l ing  load  va r i a t ions ,  o r  APU power modulation. 
The bypass control senses hydrogen temperature a t  t h e  T P U  i n l e t .  Any e r r o r  
w i t h  r e s p e c t  t o  a re ference  tempera ture  results i n  a c t i v a t i o n  o f  t h e  b y p a s s  
f l o w  s p l i t t e r  v a l v e  which d i v e r t s  more o r  less f low th rough  the  bypass  l i ne ,  
varying r egene ra to r  exit  t e m p e r a t u r e  t o  restore the  proper  cont ro l  tempera-  
ture. 
The propel lan t  condi t ion ing  system accommodates vary ing  hydraul ic  and lube  
o i l  c o o l i n g  l o a d s .  The r egene ra to r  and  f low sp l i t t e r  con t ro l  ma in ta ins  
a near ly  cons tan t  hydrogen  s ink  tempera ture  for  the  lube o i l  c o o l e r  c o n s i s t e n t  
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with m a x i m u m  a l lowable lube oil temperatures. 
'Jhrbo Power Unit 
The ma,jor task of t h e  t u r b o  power un i t  i s  to  e f f i c i en t ly  conve r t  chemica l  
energy t o  hydraul ic  and electr ic  energy.  This  i s  accomplished by optimizing 
the  spec i f i c  p rope l l an t  consumption over the fl ight-power profile.  
Power Control 
The major task of t h e  power con t ro l  i s  t o  accqmodate t h e  complete range of 
power demands o v e r  t h e  a l t i t u d e  p r o f i l e  and maintain W U  speed within an 
acceptable  range.  This is accomplished by: 
1. pressure  modulation of t u rb ine  inlet  pressure  
2. pulse width modulations of turbine inlet  pressure 
3. hybr id  cont ro l  - combined pressure modulation plus a va r i ab le  
(two s t ep )  t u rb ine  area. 
Pressure modulation of turbine inlet  pressure is provided by a mechanically 
l i nked  b ip rope l l an t  t h ro t t l e  va lve  which i s  ac tua ted  when the control  system 
senses  a speed error and attempts t o  main ta in  the  T P U  at a f ixed  re ference  
design speed. Pulse width modulation of t u r b i n e  i n l e t  p r e s s u r e  is provided 
by an llon-offll mechanically linked bipropellant valve which i s  ac tua ted  when 
the control  system senses  a speed Qutside a predetermined band. TPU speed 
varies continuously with an amplitude as set by the  ;peed band and at a 
frequency which is dependent primarily on TPU i n e r t .  . c .  The hybrid power 
con t ro l  i s  composed of a dual combustor-nozzle assembly, each of which 
conta ins  a mechanically l inked bipropellant valve.  Each combustor-nozzle 
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assembly  covers  a  discrete  portion  of  the  turbine arc. The  lfsustainer" 
power  level  is  approximately 25 to 35 percent.  The  high-power  combustor 
is activated  when  the  power  demand  exceeds  the  capacity  of  the  sustainer 
assembly;  The  high-power  combustor  can  either  be  operated in a  pressure 
modulated or  pulse  mode. 
TURBO POWER UNIT 
Figure 34 summarizes  the  turbine  design  conditions  and  characteristics  which 
were  evaluated. For example,  the first  line in the  chart  represents  a  ve- 
locity-compound  turbine  with  pulse  modulating  powe-  control for use in systems 
A1 or Dl . This  turbine  was  designed for a  maximum  turbine  inlet  pressure  of 
600 psi.  Because it is  a  pulsed  machine,  that  is a l o  the  design  pressure 
level. From previous  studies  (Phase IA) a  pressure ratio.of 50 has  been 
established  as  approximately  optimum for this  inlet  pressure  level.  The 
efficiency  predicted  at  this  design  point  condition is 0.491. The  corres- 
ponding  first  and  second  stage  blade  heights  and  admission  fractions  are 
also  gLven in the  table.  The  shaded  areas in the  following columns indicate 
that  the  off-design  performance  of  this  turbine  was  calculated  and, in addition, 
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TURBINE SUMMARY 
CONDITIONS  AND  CHARACTERISTICS  STUDIED 
2 STAGES D I A .  = 6.68 I N .  
N = 60,000 RPM U = 1750 FT/SEC 
TT = 1556 F T IP  CLEARANCE = 0.0156 IN .  
FIGURE 34 
steady  state  temperature  distributions  and.corresponding  thermal  and  cen- 
trifugal  stresses  were  determined. 
The  remainder of the  table  is  essentially  self-explanatory. For systems 
A,!+ and D3A the  efficiency was estimated by interpolation. On systems A3 
and D3, which  represent  pressure-staged  turbines with pulse-modulating  power 
control,  the  effects  of  tip-clearance  variation  and  design  power  level  were 
a l s o  investigated.  Power  level  was  varied from 100 to 750 HP. The  clearance 
and  power  level  effects  are  described  later in this  section. 
One  of  the  significant  results  shown in Fig.34  is  the  clear  superiority  of 
the  pressure-staged  machine  over  the  velocity-compound  machine  at  a  pressure 
ratio of 50. It would  be  expected  that  at  lower  design  pressure  ratios  the 
difference would be  even  more  marked. 
Figure 35 summarizes  the  thermal  and  stress  analyses  performed in  Phase IB. 
It shows  schematically  the  manner in which  allowable  stresses  were  established 
for use  with  the  calculated  temperature  distributions.  Safety  factors  are 
applied  to  the minimum ( 3 6 )  strength  of  the  material to determine  the  allow- 
able  stress  at  rated  operating  speed  and  temperature.  This  is  done  both for 
short-lime  and  long-time  strengths. 
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PHASE IB AMALYSIS 
S TRES S 
.STEADY STATE  TEMPERATURE  DISTRIBUTIONS 
.CONSTANT STRESS DISKS  INCLUDING THERMAL  STRESSES 
SAFETY FACTORS 
O A T  RATED  SPEED 
.COMPOSITION: 
SHORT T I M E  LONG T IME . 
Y I ELD  RUPTURE  CREEP ULTIMATE 
BAS1 C SAFETY  FACTOR 
THERMAL TRANS I ENT ALLOWANCE 
1.5 1.1 1.5 1 . 1  
SPEED  CONTROL BAND 
1 .o 1 .o 1.1 1.1 
(1.05); (1.05); 
1.0 1 .o 
OVERSPEED TEST  PER  TSO-C77 (1.15) ( I .  15) 
1.5 1 .1  2.41 1.77 OVERALL  FACTOR  (PRODUCT) 
1 .o 1 .o 
STRENGTH 
ALLOWABLE 
METAL  TEMPERATURE 
~ ~ ~ 
METAL  TEMPERATURE 
FIGURE 35 
An overa l l   sa fe ty   fac tor  i s  constructed f o r  each failure mechanism and 
duration. For example, the short-t ime yield overall  safety factor i s  
constructed as follows. The basic  mater ia l  safety factor  of 1.1 i s  applied 
t o  account f o r  unknowns in  the  bas i c  app l i ed  s t r e s s .  An additional allowance 
of 1.1 i s  applied t o  represent the thermal transient stresses which a re  known 
t o  be s ignif icant  but  have not yet been estimated. A f ac to r  of (1 .05)2 i s  
applied to represent the upper limit of the normal speed control range. 
Final ly ,  a f ac to r  of (1.1 5)2 i s  applied t o  represent a turbine overspeed 
t e s t  such as that required by TSO-C77 fo r  aux i l i a ry  power units f o r  a i r c r a f t .  
These l a s t  two f ac to r s  a re  squared because the centrifugal stresses are a 
function of the square of t he  ro t a t ive  speed. The overa l l  sa fe ty  fac tor  
applied t o  the mater ia l  yield s t rength t o  determine an allowable stress based 
on yield i s  1.77. This represents the allowable stress at  rated rotative 
speed and temperature conditions which w i l l  prevent  yielding at  the s ta ted 
overspeed  conditions. The s a  process i s  applied t o  the ultimate, creep, 
and rupture strengths.  
Figure36 presents the actual plots of al lowable stresses f o r  Astroloy using 
f ac to r s  o f  safety constructed as described in Fig.  35. The short-time stresses 
a re  assumed t o  apply a t   t h e  full  power condition which represents the m a x i m u m  
disk and blade temperatures. Because 5 percent of t he  des ign  l i f e  w i l l  be 
s p e n t  a t  f u l l  power conditions, creep and rupture data f o r  50 hours are also 
shown on t h i s  curve. The region of safe operation i s  below 
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! the  curves. The c r i t i c a l  stress and metal  temperature which a p p l i e s   a t  
the full  power condition t o  each of t he  f ive  f irst  stage disks studied i s  
a l s o  shown on the short-time portion of the  f igure .  All (except one) are 
within the allowable range. 
The right-hand side of t he  f igu re  shows the allowable stresses dorresponding 
to the long-time application of stresses associated with the minim power 
condition and i t s  somewhat lower turbine metal temperatures. The region of 
safe operation  again i s  below the  curve. Data points  f o r  t he  f irst  
stage disk stress.-temperature combinations under the minimum .power condition 
are  shown on the curve. Two of the  f ive  turb ines  a re  in  the  unsafe  reg ion .  
Additional adjustments t o  disk geometry, in le t  temperature, o r  t i p  speed 
will be necessary t o  bring those machines into the safe  region.  
Careful study of Fig.  36 shows some important trends which should be noted. 
Comparison of Systems Al/D1 and A3/D3, f o r  example, shows that  the pressure-  
compound machine i s  s ignif icant ly  higher  in  disk temperature  than the veloci ty-  
compound machine f o r  the same conditions.  This results from the  la rger  expan- 
s ion r z L t i o  ( t o  a lower temperature) of  the velocity-compound first-stage nozzles.  
When the pressure and pulse modulated systems are compared (A2/D2 vs U / D 1  and 
B2/D,/+. vs B l / D 5 ) ,  the pulse modulated i s  seen t o  be lower in disk temperature.  
Again t h i s  i s  caused by the higher design expansion pressure ratio of  the pulse 
modulated  machine. Final ly ,  comparison of the  600 ps ia  A3/D3 system with the 
I50 psia Bl/D5 system shows that the higher pressure system runs lower in disk 
temperature, again because of higher design pressure r a t i o .  
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Figure 37 shows an  example of the design f o r  the f irst  stage of systems A3/D3. 
It i s  seen that the blade temperature i s  very close t o  the adiabatic w a l l  
temperature which causes the heat transfer t o  occur. This i s  caused by a 
very high heat trhnsfer coefficient between the gas and the blades which i n  
turn  i s  caused by very high thermal conductivity of the gas (primarily hydrogen) 
and by the small dimensions of the blades.  This results in small thermal time 
constants which produce large transient thermal stresses.  The lower portions 
of the f igure show the disk shape and the corresponding radial and tangential  
s t resses .  The disk has been designed as a constant stress disk f rom the hub 
up to  the  neck o r  c r i t i ca l  reg ion  of the disk. I t  should be noted tha t  the  
blade root stress on a s teady s ta te  basis  i s  s igni f icant ly  below the al low- 
able stress,  thus leaving room f o r  var ia t ions in  blade height ,  if desired. 
Figure 38 presents a summary statement of the kinds of mechanical analyses 
which must be done on the selected turbine during Phase I1 of the present 
study based on analysis done under Phase I of the contract .  The heat trans- 
fe r  ana lys i s  done so  far  indicates  that  it i s  necessary t o  consider not only 
the s teady s ta te  temperature  dis t r ibut ions in  the machinery, but a l s o  the 
transient distributions.  Important transients will occur a t  s t a r t u p  when 
the machine is cold and suddently subjected t o  a high temperature, a t  load 
changes when the effect ive heat  t ransfer  level  changes, and a t  shutdown when 
the driving temperature i s  suddenly removed from the turbine. 
Under each of these steady state and transient temperature conditions, i t  i s  
necessary t o  examine the cri t ical  stresses.  For the steady-state temperature 
66 
I ,"" 
1200 
1100 
1000 
DR I V I NG  (AD I A B A T  I C  WALL)  TEMPERATURE 
I""""" 
L 
PRESSURE  STAGED 
TEMPERATURE 
- 
n I I I I 
m I 
" I  
4 
100,000 
- 
II) 
a 
I, m 50,000 
W 
d 
t- 
m 
n 
0 1 2 3 4 
R A D I U S ,   I N .  
- 
0 1 2 3 4 
R A D I U S ,  I N .  
TYPICAL FIRST STAGE 
DISK DESIGN 
SYSTEMS  A3 ,  03 
PULSE  MODULATED 
PRESSURE  STAGED 
P = 600 P S l A  
TT = 1556 F 
BLADE  TEMPERATURE = GAS  DRIVING 
TEMPERATURE 
CAUSED BY H I  GH HEAT  TRANSFER COEFFl C I ENT 
H I G H   G A S   ( H 2 )   T H E R M A L   C O N D U C T I V I T Y  
SMALL   BLADE  D lMENS IONS 
R E S U L T S   I N  
SMALL   THERMAL  T IME  CONSTANTS 
S I GN I F I  CANT TRANS I ENT THERMAL STRESSES 
CONSTANT  STRESS D I S K  
0 BLADES NOT A T   L I M I T I N G  STRESS 
FIGURE 37 
PHASE II TURBINE MECHANICAL  ANALYSIS 
THERMAL  ANALYSIS 
STEADY  STATE 
VARYING LOAD LEVELS 
TRANS I ENT 
STARTUP 
LOAD CHANGE 
SHUTDOWN 
STRESS ANALYSIS 
0 INDIV IDUAL STRESSES  (ULTIMATE,  YIELD, RUPTURE, 
ACCUMULATIVE  DAMAGE 
CREEP, HIGH  AND LOW CYCLE  FATIGUE) 
FRACTION OF TOTAL MATERIAL  CAPABILITY  UTILIZED = 
OPERATING  TIME + OPERATING  CYCLES 
RUPTURE L I F E  MECHANICAL (HIGH CYCLE FATIGUE) CYCLICAL LIFE 
+ PLASTIC  STRAIN  CYCLES 
LOW CYCLE  FATIGUE  CYCLICAL  L IFE  
5 1.0 
FACTORS OF SAFETY APPLIED EITHER TO STRESS OR LIFE 
TRADEOFF 
, COOLING - TEMPERATURE 
TEMPERATURE - T I  P SPEED 
FIGUFE 38 
dist r ibut ions,  all the  individual  s t resses  such as ultimate, yield, etc. must 
be examined with.their  appropriate safety factors.  This i s  similar to  the 
analysis which was performed i n  Phase I, and it i s  intended that it will be 
done f o r  more conditions and on a more refined basis.  
!transient- thermal stresses require that the contribution of each potent ia l  
f a i l u r e  mechanism with  respect   to   the t o t a l  material  capabili ty be assessed. 
For example, the  f rac t ion  of t he  t o t a l  mater ia l  capabi l i ty  u t i l i zed  a t  a 
pa r t i cu la r  s t r e s s  l eve l  can be represented as t h e   r a t i o  of the operating 
time a t  t h a t  s t r e s s  l e v e l  t o  t h e  s t r e s s  r u p t u r e  l i f e  a t  t h a t  s t r e s s  l e v e l .  
Similari ly,  the number of plastic stress cycles experienced as a f r ac t ion  
of the low-cycle f a t i g u e  c y c l i c a l  l i f e  a t  this s t ra in  leve l  represents  
another portion of the t o t a l  mater ia l  capabi l i ty  ut i l ized.  The sum of 
all these fractions.  (with appropriate safety factors applied t o  e i ther  the 
appl ied s t ress  or t o  the  requi red  l i fe )  must be less than unity.  
The thermal and s t ress  analysis  t o  be performed i n  Phase I1 will a l l o w  
additional tradeoff studies t o  be made. Specifically,  the relationships 
. . between  combustion  temperature and cooling penalties can be assessed as well 
as  the relat ionship between combustion temperature and turbine t i p  speed. 
Figure39 shows the typical effect  of. . turbine t ip alearances on system 
performance. The design value o f  t ip .c learance  i s  0.0156 inch a t  a t i p  
diameter of 6.87 inches (in the second stage).  Figure 39 shows t h a t  i f  
the clearance i s  cu t   i n   ha l f  from the design value the reduction in required 
propellant flow will reduce the propellant system weight approximately 6 per- 
cent. Similar reductions in propellant system weight would be expected under 
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other  design  conditions. This improvement in performance must be traded 
against  the  necessity  to  reduce  the  total  allowable  creep of the  turbine 
material in order  to  prevent  rubbing of the  turbine  during  the  design l fe
of the  machine.  The  creep is reduced  either by reducing  the  inlet  gas 
temperature  or  the  turbine  tip  speed  or  both.  These  reductions will 
reduce  the  system  performance  and  increase  the  propellant  system  weight. 
The potential 6 percent  weight  reduction  mentioned  above,  however,  implies 
that  additional  study  is  worthwhile. 
Figure40  shows  the  effect  of  turbine  inlet  temperature on propellant  system 
weight. If only  the  propellant  properties  are  considered,  i.e.,  the  turbine 
efficiency is assumed  constant  at all design  temperatures,  increasing  inlet 
temperature  produces  fair  benefits. If the  turbine  efficiency  variation is 
considered,  the  beneficial  effects  are  greatly  reduced.  The  increased  tempera- 
ture  reduces  turbine  efficiency by increa,sing  spouting  velocity  (reducing  velocity 
ratio -1, and  by  reducing  the  Reynolds  numbers in the  turbine  due to reduced 
gas  density  and  increased  gas  viscosity.  Thus,  there  appears  to  be  a m i n i m a l  
real  benefit to increased  turbine  inlet  temperature. 
U 
' co 
Figure 41shows a  typical  turbopower unit (TPU)  assembly.  The  hydraulic  power 
is produced by two 3,000 PSI hydraulic  pumps  and  the  electrical  power by one 
12,000 RPM alternator.  The  corresponding  gearbox,  turbine  assembly, and 
combustor  assembly  are a lso  shown in Fig. 41.  The  total TPU weight as pictured 
is 165 pounds. Of this weight, 93 pounds  are  contributed by the  pumps  and 
alternator  and o n l y  72 pounds  by  the  gearbox,  turbine  assembly,  and  combustor 
assembly. 
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The results of a preliminary study of t he  e f f ec t  of ou$put power l e v e l  on 
turbine eff ic iency and TPU weight are shown i n  Fig. 42. Output power  was 
varied from 100 t o  750 I". Turbine efficiency varied by about 10 percent 
over this power range. The weight of  the bare TF'U varied by a fac tor  of  
approximately 3 while the  complete TPU varied by about 5. Thus the  spec i f ic  
weight (lb/hp) of t he  TPU, as expected, decreased as power level .increased. 
It should be noted  tha t  par t  of  t h i s  weight variation i s  caused by rotative 
speed being reduced a t  t he  h ighe r  power levels. Tip speed was held constant. 
Tip diameter therefore increased with power l eve l .  
Figure43 shows the cutaway  view of the typical  turbine assembly. Among 
the  addi t iona l  de ta i l s  which may be seen i n  this figure a r e   t h e   i n l e t   a r c  
of the  f i r s t  stage.  The second s t age  in l e t  a r c  i s  approximately twice the 
s i z e  of the fir'st stage,  but i s  not  shown expl ic i t ly .  The in te rs tage  sea l  
shown i s  a simple labyrinth.  Performance calculat ions as reported here have 
been  based on this seal configurationt Also shown i n  Fig.43 i s  addi t ional  
armor material  around the turbine disks t o  provide burst protection. The 
amount of  material  shown i s  based on using a weight equal t o  the weight of  
the rotating disks. This approximation has been inferred from the l imited 
data  so  far available f rom the  NASA-Sponsored R o t o r  Burst Protection Program 
being conducted a t   t h e  Naval Air Propulsion Test Center in  Phi lade lphia .  
Table 3 presents more detailed information on the f ive prel iminary turbine 
designs studied i n  Phase I B .  All these turbines  were two stage machines  de- 
signed f o r  an inlet  temperature of 1550 F with a m a x i m u m  second s t a g e   t i p  
speed of 1750 f t / s e c  ( f i r s t  s t a g e  maximum t i p  speed i s  1700 f t / sec)  and 
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0.60k SYSTEM A 3  
I PULSE MODULATED,  PRESSURE COMPOUND PT = 600 P S I ,  PRESSURE RATIO = 50 3000 P S I  HYDRAULIC SYSTEM 
TPU  INCLUDING PUMPS 
AND ALTERNATOR 
BARE  TPU (COMBUSTOR, 
200 
100 
0 
0 200 400 600 
EFFECT 
OF 
POWER LEVEL 
ON 
TPU WEIGHT 
AND 
PERFORMANCE 
0 
GEARBOX OUTPUT POWER, HP 
vq 
INLET 
PORT 
15 MM X 35 MM X 1 1  MM COMBUSTOR 
r INLET 
MAN I FOLD 
DESIGN  CONDITIONS 
PT = 600 P S l A  
TT = I550 F f 100 
PRESSURE  RATIO = 50 
SHAFT POWER = 276 HP 
SPEED = 60,000 RPM 
T I P  SPEED = 1750 FT/SEC 
TYPICAL  TURBINE 
ASSEMBLY 
TWO PRESSURE  STAGES, 
PULSE MODULATED 
STAGE  DATA 
F I RST SECOND 
”
BLADE  HEIGHT,  IN.  .I68 .388 
DEGREE  OF  ADMISSION .14 .305 
T I P  CLEARANCE,  IN. .0150 .0156 
INTERSTAGE  SEAL  CLEARANCE, I N .  .0042 
R E L A T l  V E  MACH  NUMBER 1.463 1.717 
FIGURE 43 
I 
S Y S T E M  
CONTROL TYPE 
M A C H I N E  l Y P E  
M A X I M U M   I N L E T   P R E S S U R E ,  
PS IA 
DESIGN  INLET  PRESSURE,  PSI ,  
D E S I G N   E X I T   P R E S S U R E ,   P S l A  
DESIGN  PRESSURE R A T I O  
D E S I G N  POWER  LEVEL. H P  
D E S I G N  P O I N T  T I P  V E L O C I T Y  
RAT IO UIC, 
D E S I G N  P O I N T  E F F I C I E N C Y  
HEAT  FLOW I N T O  I 400 F I 
BEARING BTU I SEC 
STAGE 
PULSE 
PRESSURE 
150 
PULSE 
VELOCITY 
600 
600 
12 
50 
276 
0.1528 
0 .491  
0 .1024 
PRESSURE 
VELOCITY 
600 
PRESSURE 
PRESSURE 
150 
32.4 
10 .11  
3.20 
42.2 
0.238 
0.5711 
0 .1537 
PULSE 
PRESSURE 
600 
600 
12 
50 
276 
0.1528 
0.540 
0. 104 
126 
10 .11  
12.45 
42.2 
150 
7.5 
20 
32 0 
0.1753 4.1656 
0.426 0.550 
0. 124 0.1132 
$ F I R S T   S E C O N D  
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F I R S T  - 
6.45  
0 .31  
0.28 
0 .0485 
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1295 
1288 
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12 1 9 . 3  
- 
- 
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6.68  
0 .407  
0.350 
0.0382 
88 
1.670 
. 3 5 8  x 10' 
1.350 
4 . 5 8  
I 
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12 14 
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0.0409 
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2 .37  
. 1 9  x 10' 
1 . 0 6 3  
4 .34  
1085 
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1053 
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1031.9 
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F I R S T  
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107 
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1.102 
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1239 
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3.92 
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SECOND 
6.68 
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. 9 4  x 10: 
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FIRST 
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, 4 6 2  x IO5 
T I P  DIAMETER.  IN.  
BLADE  HEIGHT. h. I N .  
DEGREE O F  A D M I S S I O N  
CLEARANCE  RATIO,  S l h  
BLADE NUMBER 
RELATIVE MACH NUMBER , MW 
REYNOLDS  NUMBER. Re;= + 
D I S K   W l O T H  AT HUB, b o ,  I N .  
DISK HUB I NECK WlOTH 
R A T I O  bo I bn 
TEMPERATURE , F 
D R I V I N G  I A D I A B A T I C  W A L L  I 
M A X I M U M  POWER  AVERAGE 
BLADE  TEMPERATURE, F 
MAXIMUM POWER  NECK , 
TEMPERATURE , F 
MAXIMUM POWER  HUB , 
lEMPERATURE . F 
M I N I M U M  POWER  NECK, 
TEMPERATURE,  F 
5 . 4 4  
12 15 
12 11 
1185 
1048 
4. 32 
1125 
I123 
1113 
1079 
1175.7 1 1108 
rotative  speed  of 60,000 rpm.  (During Phase I1 of this  present  study 
additional  values  of  these  parameters will be studied. ) This  chart  presents 
several  types of key parameters:  peometric--tip  diameter,  blade  height,  degree 
of  admission;  performance--efficiency,  pelocity  ratio,  relative  Mach  number, 
and  Reynolds  number;  thermal--heat  transfer  driving  (adiabatic wall) tempera- 
ture,  average  blade,  neck  and  hub  temperatures  at maximum power,  and  neck 
temperature  at minimum power.  These  latter  metal  temperatures  are  based on 
holding  the  bearing  temperature  at a constant 4.00 F. One  important  factor 
shown  clearly in the  chart  is  the  effect  of  reduced  design  pressure  ratio. 
This may be  seen by comparing  the  metal  temperatures for systems A3/D3, 
Bl/D5, and B2/D4. The  lower  pressure  ratio  increases  the  driving  temperature; 
the  metal  temperature  closely  follows  the  driving  temperature. 
Figure44 shows  the  off-design  characteristics  of  the five  turbines  studied. 
Figure  44A  shows  the  basic  energy  available from  the  propellants  as  function 
of  expansion  pressure  ratio.  Figure 44B presents  the  same  expansion  energy 
data in a different  form. For each  of  several  design  pressure  ratios,  the 
off-design  ideal  work  output  as a function  of  off-design  pressure  ratio is 
shown. It will be seen  that  1ow.pressure  machines  are  much  more  sensitive 
to  the same ratio  of  off-design  pressure  ratio. 
Figure 44c presents  the  variation  of  turbine  efficiency  with  off-design 
pressure  ratios.  These  data  were  constructed  based on the  estimated  stage 
off-design  torque  and flow rate  as  functions  of  stage  velocity  ratio  and 
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stage pressure ratio.  Stage data were combined t o  determine stage pressure 
r a t i o  f o r  each overall pressure  ra t io .  The eff ic iencies  greater  than the 
design value shown i n   F i g .  44C a t  pressure  ra t ios  below the design value 
r e s u l t  f rom the combined e f f ec t s  of pressure staging, the work r a t i o  e f f e c t  
of Fig.  44B, and the  pressure  ra t io  e f fec t  on stage performance. 
When the off-design efficiency and adiabat ic  head r a t i o s  a r e  combined, the  
off-design work output i s  obtained as shown i n  F i g .  44D. These curves are 
generally similar t o  those of Fig. 44B, but somewhat modified. Low design 
pressure  ra t io  machines s t i l l  seem t o  be most sens i t ive  t o  off-design pressure 
r a t i o s .  This  should  not be especial ly   surpr is ing.  For example, Case B2 
which has a design pressure ratio o f  3.2 would have a ze ro  adiabatic head 
a t  a pressure  ra t io  ra t io  of 0.288. Cases Al and A3 on the other hand with 
design pressure ratios of 50 would have zero output head a t  a pressure  ra t io  
r a t i o  of 0.02. 
The data  of Fig.  44D were used i n   t h e  system optimization studies described 
e a r l i e r .  A t  each power l e v e l  and pressure condi t ion in  the power p ro f i l e  t he  
off-design data of Fig.  4 4 ~  were used t o  determine the SPC a t  that  condi t ion.  
T o t a l  propellant usage i s  the sum of these individual values.  
PRELIMINARY COMPONENT  DESIGNS 
A review of component a v a i l a b i l i t y  and a preliminary design was performed. I n  
general, these designs formed the basis  f o r  the operational analysis conducted 
with the analog model which will be discussed in  the  fo l lowing  sec t ion .  However, 
pump designs were n o t   u t i l i z e d   i n   t h e  model because the analog model simulated 
supercrit ical  propellant storage.  
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Pump-fed systems will require  the del ivery of hydrogen under pressure. For 
System A, this pressure i s  860 psia, corresponding t o  a head of 28,500 f e e t ,  
a t  a peak f l o w  of 8 gpm. A number of pump types have been evaluated f o r  
appl icabi l i ty  and ava i lab i l i ty .  
Centrifugal Pump. A s m a l l ,  single-stage centrifugal pump of the type required 
here has been designed, fabricated, and t e s t e d   a t  Rocketdyne under NASA Contract 
NAS3-12022. This pump (designated Mark 36 and depicted in  Fig.  45 1 has been 
run f o r  over one hour with Freon 12 a t  75,000 rpm, 1500 ps ia  (2800 f t head), 
and f l o w s  up t o  13 gpm. I t  was designed f o r  l iquid f luorine service.  
A s  discussed i n  t h e  s e c t i o n  on s torab le  propel lan ts ,  th i s  pump i s  applicable 
t o  hydrazine service where a slight adjustment t o  81,000 rpm w i l l  provide 
the required head and f low.  For hydrogen a redesign is  necessary to-produce 
the vastly increased head required (10 times) by either increasing the speed 
o r  s taging the pump, o r  both. As presently designed, the head variation over 
the required delivery range i s  small ( 2  percent).  If th i s  cha rac t e r i s t i c  was 
maintained fop  the multistage design the TPU gearbox would be u t i l i zed  a s  a 
constant speed drive. However, t h i s  would require  the APU t o  be located close 
t o  the hydrogen tank t o  assure adequate NPSH t o  the pump. If the APU w.8 rermte 
from the tank, a separate drive using a,gas turbine with a hydrogen gas bleed 
81 
CRYOGENIC CENTRIFUGAL PUMP - MARK 36 
TYPE:  SINGLE  STAGE  CENTRIFUGAL- SPEED: 75,000 RPM OVER 1 HOUR I N  FREON 12 
SHROUDED IMPELLER DN : 600,000 A T  75,000 RPM  AND 
M A T E R I A L :   I N C O   7 1 8  H2 FLOW: .075 LB/SEC  (PEAK) FLOW FROM o TO 13 GPM 
EXTERNAL  LEAKAGE : ZERO INLET  PR SSURE: 40 PS I A  
VOLUME: 25 CU. IN.   SHAFT POWER: 0.85 HP 
TIP DIAMETER: 1.311 E X I T  PRESSURE: 125 P S l A  
WEIGHT*: 11.5 LBS I NLET TEMP : 37R 
* LESS  DRIVE  OVERALL   EFF  I C I ENCY: 45% 
DESIGN MODIFICATION FOR 
H2 GAS T U R B I N E  
TPU GEARBOX 
0 UPRATE  SPEED  TO 150,000 RPM 
DN = 1.2 X IO6 
ADD 2 STAGES 
0 SHAFT POWER: 7.6 HP 
source and closed loop speed control would be required. 
Gear Pump. Rocketdyne has also designed and fabricated a low specific speed 
gear pump (Mark 37) f o r  a l iquid f luorine appl icat ion,  which i s  d i r e c t l y  
appl icable  to  System Al. Unfortunately, no t e s t  d a t a  f o r  t h e  pump has been 
obtained t o  date due t o  funding l imitations.  However, performance analysis 
with l iquid hydrogen as  the pumped f luid indicates  that  the required pressure 
of $60 PSIA should be obtained with reasonable radial and axial c learances  a t  
speeds of 5750 RPM (peak f l o w )  t o  3750 FU" (idle f l o w ) .  Flow control could 
be obtained by means of  a hydraulic o r  e l e c t r i c a l  motor which would modulate 
speed accordingly t o  maintain a fixed (reference) discharge pressure. Use 
of t he  e l ec t r i ca l  motor would a l l o w  in-tank mounting of the pump t o  assure 
pos i t i ve  l i qu id  acqu i s i t i on  a t  t he  in l e t .  A photograph of the Mark 37 and 
summary o f  predicted performance i n  hydrogen a t  peak and i d l e  power l eve l  
i s  presented i n   F i g .  4 6 .  
L i q u i d  Hydrogen Vane Pump. Pesco Products, Division of Borg Warner, has 
designed and tes ted  a vane pump (under NASA Contract) f o r  a l i qu id  methane 
system (SST application) t o  provide 12  GPM a t  900 PSIA and 4OOO RPM. I n i t i a l  
t e s t ing  i s  being conducted with l i qu id  hydrogen t o  determine material compati- 
b i l i t y  and clearance effects.  A t o t a l  of 12 hours of operation a t  f lows  t o  
40 GPM and discharge pressure t o  260 PSIA a t   t h e   r a t e d  speed of 4.000 RPM 
has been accumulated i n  l i q u i d  hydrogen. Further development i s  required 
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CRYOGENIC GEAR PUMP-MARK 37 
.TYPE: SPUR GEAR 
.MATERIAL:  INCO 718 
.GEAR DIAMETER: 1.9" O.D. 
.RADIAL  CLEARANCE: 1 X 10-3 
.AXIAL  CLEARANCE: 2 X 10-3 
.EXTERNAL LEAKAGE: ZERO 
.VOLUME: 88.0 CU I N .  
OWEIGHT : 18.5 LBS 
I PRED I CTED PERFORMANCE I 
I I N  HYDROGEN - SYSTEM A l l  
.SPEED: 
.DN : 
O H 2  FLOW: 
.EXIT  PRESSURE, P S I A :  
.INLET  PRESSURE, P S I A :  
.INLET  EMP,  R: 
.MINIMUM NPSH, P S I :  
0VOLUMETR I C E F F  I C I ENCY: 
.SHAFT POWER: 
PEAK  IDLE 
5 750 
86,000 
.075 
860 
20 
37 
1 
42% 
8 HP 
3750 
56,000 
.O 126 
860 
20 
37 
1 
11% 
5.2 HP 
ODES I GN COMPLETED 
HARDWARE PROCUREMENT 
.ASSEMBLY  COMPLETED 
.TEST1 NG NOT SUPPORTED 
COMPLETED 
DUE TO F U N D I N G   L I M I T A T I O N S  
! 
 DEVELOPMENT STATUSI 
OHYDRAUL IC MOTOR 
.ELECTRICAL MOTOR 
:I to  obtain  the  higher  discharge  pressures for System A.  Preferred  location 
for the  pump is in the tank to  maintain NPSH, necessitating an electric 
motor  drive.  The  pump  utilizes  six  vanes in a  double  lobe  configuration 
to  balance  the  pumping  element  and  minimize  radial  loads on the  bearings 
and  minimize  discharge  pressure  oscillations. A schematic  of  the  pump 
integrated  with an electric  motor  drive  (Pesco-Brushless DC) is shown in 
Fig.47 , including  a  summary of predicted  performance in hydrogen for 
System Al . 
It is evident  that  considerable  development  of low specific  speed  cryogenic 
pumps is required  to  meet  the  technology  requiced for a pump  fed  hydrogen 
source.  The  small  clearance  requirements  of  the  vane  and  gear  pump  to  achieve 
acceptable  volumetric  efficiency  are  incompatible  with  the  long  life  and  high 
reliability  required  of APU components. The  high  speed  required for the  cen- 
trifugal  pump (DN 10 ) with complex  dirve  and  controls a l s o  implies  question- 
able life and  reliability.  Development  risk for the  pump  component  must  be 
carefully  evaluated in terms of time  and  cost  with  respect  to  development 
requirements  of  alternate  schemes. 
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LlOUlD HYDROGEN  VANE PUMP 
MODEL S - 5 6 5 9  
PESCO PRODUCTS 
D IV. BORG  WARNER 
BEDFORD ,OH I O  
PUMP D l  SCHARGE PORT I 
I DESCRIPTION 1 I PREDICTED PERFORMANCE I N  I 
I I 
- T Y P E :  DOUBLE  LOBE. S I X  VANES I HYDROGEN-SYSTEM A I  I 
"ATERIAL:  M-2 TOOL STEEL BRONZE 
A X I A L  CLEARANCE: .0002" TOTAL 
-WEIGHT:  4 LBS 
VANES 
PREFERRED LOCATION: I N  TANK 
-VOLUME: 20  IN.^ 
1-1 
*HYDRAULIC  MOTOR-IN  L INE 
ELECTRIC MOTOR - I N  TANK 
INDUCTION, 6 POLE 
2 8  VDC INPUT ("BRUSHLESS DC" : 
PESCO  PRODUCTSl 
SPEED: 
DN : 
HZ  FLOW: 
EX I T  PRESSURE: 
I N L E T  PRESSURE: 
INLET TEMP. : 
OVERALL  EFFlC lENC 
SHAFT POWER: 
ELECTRICAL POWER: 
MT BO : 
PEAK MODE - -
Y :  
8000 3500 RPM 
80,000 35,000 
.075 .0126  LB/SEC 
860 860 P S l A  
35 35 P S l A  
37 37R 
60 21% 
6 3 HP 
5.5 2.75 KW 
300 HOURS 
PUMP 
I NLET, 
HOLES 
DEVELOPMENT STATUS 
LARGER  PROTOTYPE  DESIGNED,  FABRICATED, 
12 HOURS I N   L I Q U I D  HYDROGEN AT FLOWS 
T E S T I N G   I N I T I A T E D  
TO 40 GPM, DISCHARGE PRESSURE  TO 260 
P S l A  A T  4000 RPM 
ACCEPTABLE  VANE WEAR 
EFFECT O F  TEMPERATURE  GRADIENTS ON 
CLEARANCES  MALL 
MATERIAL COMPATIBIL ITY DEMONSTRATED 
TECHNOLOGY MIVANCEMENT  REQUIRED FOR 
HIGHER  PRESSURES 
Regenerator 
The regenerator  was  designed  to  provide  full  propellant  conditioning  at 
peak  power (170 Btu/sec)  for  a 600 R  injector  with  10  percent  bypass  flow 
and  no  heat  input  from  either  cooler.  The  bypass  is  included  to  provide 
some  control  margin. 
Several  configurations  were  evaluated,  resulting  in  selection  of  a  single 
pass,  parallel  flow,  shell  and  tube  design. A typical  preliminary  design 
applicable  to  a  systein  A1  type  booster  APU is shown  in  Fig. 48. At peak 
power, 90 percent  of  the  total  hydrogen  flow  passes  through  the  tube 
bundle (283 1/8-in-dia  tubes)  in  parallel  flow  with  the  exhaust  gas  nn  the 
shell side. The  parallel  flow  exchanger  resulted  in  a 5 pound  weight 
penalty  compared  to e counterflow  type.  This  is  considered  acceptable  to 
avoid  fouling  due  to  condensatlon  and  freezfng o  exhaust  gas  water  vapor. 
The  tube  wall  temperature  for  the  parallel  flow  design  remains  above  the 
condensation  temperature  over  the  entire  range  of  vacuum  to  sea  level 
operation. 
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EXHAUST  GAS 
EXHAUST GAS 
E X I T   7 4 9 F  
I N L E T  1 3 8 9 ~  REGENERATOR 
BOOSTER-SYSTEM AI 
@ T Y P E :   S H E L L  AND  TUBE  PARALLEL FLOW 
@ M A T E R I A L :  3 4 7  STAINLESS  TEEL 
@CONSTRUCTION: 
0283  TUBES, 1/8 OD X .010" WALL  WITH .06011 
BRAZED  TUBE  BUNDLE 
S I N G L E  R I BBED .020" OUTER  SHELL 
TUBE  TO  TUBE  SPACING 
HYDROGEN T I  G  WELDED MAN I FOLDS 
(STRESS REL I E F )  
WEIGHT: 1 1  LBS 
VOLUME  NVELOPE: 0.16 FT3 
HEAT  RANSFER  ARLA: 18.5 FT2 
1 Hz5 CONDENSATION  rEMP 
vs 
- , 835  EXl lAUST  PRESSURE 
NOLE F R A C T I O N  - .IO5 
--e 
0 4  8 12 1 6  
EXHAUST  PRESSURE, P S l A  
0 L 
FIGURE 48 
1 ' PERFORMANCE  AT PEAK POWER ( Q,,, 1 I 
HYDROGEN  FLOW: ,0675 LB/SEC 
EXHAUST  FLOW: . I 3 8  LB/SEC 
10% HYDROGEN  BYPASS  FLOW - 600R COMBUSTOR 
EFFECT I VENESS : 50% 
I NLET 
HEAT FLOW: I 70 BTUISEC 
@ E X H A U S T   A P = 1 . 2   P S I   A T   S . L .  2.6 P S I   A T  VAC 
HYDROGEN A P  = 0.05 P S I  
f 
I! 
I An exhaust   nozzle   s ized  to   provide a minimum pressure  of  6 p s i a  a t  the  
regenerator hot-gas ex i t  a t  zero ambient pressure is provided in the system. 
This i nc reases  gas  dens i ty  pemi t t i ng  a smaller  regenerator  s ize .  A t  peak 
power the maximum exhaust gas pressure drop through the regenerator i s  
then 2.6 p s i ,  which together  with a 1.5 p s i  d u c t  loss,  r e s u l t s  i n  a tu rb ine  
exhaust pressure of 10 ps ia .  No significant performance degradati .or results 
a t  this  condi t ion because the turbine i s  s t i l l  operat ing above deslgn 
p res su re  r a t io .  The contribution of regenerator pressure drop to turbine 
off-design performance i s  about 1 percent  a t  pressures  greater  than 10 psi ,  
representing about 3 pounds of propellant weight. 
Detai led stress analysis  of  the regenerator  w i l l  be i n i t i a t e d  i n  Phase I1 
of the  program af te r  def in i t ive  sys tem se lec t ion .  Pre l iminary  ana lys i s  
during Phase I i n d i c a t e d  t h a t  s t r e s s  due to  thermal  expansion resul t ing 
from an exhaust gas A T  of 650 F and an H 2 A T  of 672 F can be relieved by 
providing circumferential  convolutions (bellows) to accomodate  about  0.050 
inches of  different ia l  expansion of  the  outer  she l l  re la t ive  to  the  tube  
bundle. The axial fo rce  ac t ing  on the  bulkheads due to  the  hydrogen-exhaust 
p r e s s u r e  d i f f e r e n t i a l  i s  assumed t o  be c a r r i e d  by ex terna l  s t ruc ture  coupled  
to the bulkhead or hydrogen header. Brazing experience at Rocketdyne has 
ind ica ted  that  a j o i n t  engagement length of three times the tube w a l l  
t h i c k n e s s  r e s u l t s  i n  a shear strength equal to the tube wall t e n s i l e  
s t rength .  To preclude leakage and ensure a h igh  s t r eng th  jo in t ,  a bulk- 
head Chickness of 0.25 inches was  s e l ec t ed  (25 times w a l l  th ickness) .  
89 
Hydraulic Cooler 
Sizing of the hydraulic cooler was based on the assumption tha t  50 percent 
of the hydraulic flow power representing servo and actuator leakage and 
100 percent of hydraulic pump inefficiency must be accommodated by the 
cooler. The maximum heat load occurs with one hydraulic pump pressurized 
and the other depressurized resulting in 32 HP of losses  and 3.5 HP (50 per- 
cent hydraulic power) in  f r ic t ional  heat ing.  Following aircraf t  pract ice ,  
the additional 50 percent i s  assumed t o  be dissipated through the lines. 
The cooler i s  located downstream of the regenerator in the return side of 
the system, ut i l iz ing the hydrogen gas as the coolant. Analysis was based 
on the use of a s i l i ca t e   e s t e r  base hydraulic f luid (Chevron M2V) with a 
maxim operating temperature of 250 F i n  a 4000 PSI system. Reservoir 
pressure was  assumed t o  be 100 PSI. Corresponding f l o w  a t  i d l e  i s  3.1 GPM 
and 83 GPM a t  peak power with 80 GPM of  peak flow doing work. The m a x i m  
f l u i d  f T i s  136 F f o r  t h e  maximum 25 BTU/sec heat load which occurs a t  a 
56 HP gearbox output condition due t o  the low hydraulic fl.ows a t   t h a t  con- 
di t ion (3.1 GPM) . 
Cooler configuration analysis resulted in selection of  a single pass shell 
and tube counterflow design using 6 0 6 ~ ~ 6  aluminum t o  minimize weight. A 
typical design f o r  a system Al booster A.PU i s  shown in  F ig .  49. The hydrau- 
l i c  f l u i d  f lows  on the tube side and hydrogen on the shell  side.  Flow i s  
in   t he  laminar regime f o r  both f l u i d s  throughout the ent i re  power prof i le  
so heat transfer coefficients are independent of flowrate. Hydraulic AP 
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HYDRAULIC COOLER 
HYDROGEN EX I T  66F BOOSTER SYSTEM AI 
HYDRAULIC 
I N L E T  236F- c 
HYDROGEN I NLET-305F 
HYDRAULIC 
E X I T   l O O F  
-vEfVP - 
0 TYPE:  SHELL AND TUBE COUNTERFLOW 1-1 
0 M A T E R I A L :   6 0 6 1   A L U M I N U M  
0 CONSTRUCT I ON : (MAXIMUM COOL I NG REQUIREMENT, LOW SHAFT POWER ( 5 6 H P )  
417 TUBES,  1/8" OD X .020" WALL HEAT I NPUTS: 
BRAZED  TUBE  BUNDLE, BIlFFERED 0 PUMPING  INEFFIC IENCY 32.0 HP 
WELDED MANIFOLDS TOTAL 35.5 HP (25 BTU/SEC) 
CD 
P W I T H  .030" SPACING HYDRAULIC   FRICTIONAL  HEATING 3.5 HP (50% TOTAL HTG.) 
WEIGHT: 8 L B S  
0 VOLUME: 0.12 FT3 
HEAT TRANSFER  AREA: 23 F T ~  
+150 
ki LL +50 
2; 0 
3 -50 
~a 0" 5 -150 
cca o r  
-cc 
XI- 
e -250 
- 350 
HYDRAULIC  FLUID:  CHEVRON  M2V 
0 EFFECT I VENESS : 69% 
0 M2V  PRESSURE  DROP: 2 P S I  
M2V E X I T  PRESSURE: 100 P S l A  
H 2   I N L E T  PRESSURE: 840 PS I A  
0 H 2  PRESSURE  DROP: .002 P S I  
HYDRAULIC  OOLING  LOAD, HP 
FIGURE 49 
ranges  from 2 psi  at  idle  to 54 psi  at  peak  power.  This  will  result  in a
slight  increase  in  pumping  power  for  the  short  peak-power  periods,  but  will 
result  in a negligible  spc  penalty.  Temperature  control  is  achieved  with 
a three-way  thermostatic  bypasss  valve  designed  to  maintain  100 F
hydraulic  outlet  mixed  temperature.  The  cooler  was  sized  such  that  the 
hydrogen  and  hydraulic  side  heat  transfer  coefficients  are  equal 
(47 BTU/hr-ft2-oF) providing a niinimum tube wall temperature greater than 
the  p o w  point of the  hydraul ic  f luid.  I t  should be noted that when hydrau- 
l i c  cooling i s  not required (i. e . ,   s t s t u p )   t h e  hydrogen iflet  temperature 
will be high (66 F) since the regenerator provides the heat input norm&ly 
contributed by hydraulics t o  achieve the required injector if let  temperatme. 
1 
consequently, freezing' (excessive '.',>P) of the hydraulic fluid should not be 
a problem. 
Leakage of the higher pressure hydrogen (800 PSI)  in to  the  l o w  pressure 
hydraul ic  f luid (1 00 PSI) due t o  f a i l u r e  of a brazed tube joint i s  avoided 
by use of a double bulkhead a t  each end with the section.between bulkheads 
vented t o  l o w  pressure (turbine exhaust) .  
Prel iminary s t ress  analysis  of the  cooler  ind ica tes  tha t  the  la rges t  d i f fe r -  
ential  temperature (bulk metal)  between the outer  shel l  and tubes will be 
about 145 F a t  the  -mum heat  load ,  resu l t ing  in  a d i f fe ren t ia l  cont rac t ion  
of  0.035 inches between the outer  shel l  and tube bundle. A tension force due 
t o  the hydrogen-hydraulic AP across the bulkhead (700 PSI) reduces' the con- 
t r ac t ion  by 0.010 inches. The crit ic 'al  'buckling load per tube i s  12  pounds 
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indicating an outer shell circumferential convolution with a s t i f fnes s  of 
less  than  50,000 lb/in.  will accommodate the  travel without buckling the 
tubes (S.F. = 4.0). Another possiljle method of compensating f o r  thermal 
growth i s  to  p re s t r e s s  t he  ou te r  she l l .  
Detailed steady state and t r a n s i e n t  s t r e s s  analysis will be conducted 
during Phase I1 i n  support of the  spec i f ic  system( s) se l ec t ed   fo r  evalua- 
t ion.  
Lubricating-Oil Cooler 
The lubricating-oil  cooler i s  located downstream of the hydraulic-oil  cooler,  
u t i l i z i n g  t h e  hydrogen gas as  the s ink f o r  the heat load contributed by the 
alternator,  gearbox, bearings,  seals,  and lube pump.  The maximum cooling  load 
was estimated t o  be 10 HP f o r  an o i l  f l o w  of 5 GPM r e s u l t i n g   i n  a temperature 
rise of 25 F. A counterflow shell and tube design almost  ident ica l  t o  the 
hydraulic cooler (except for tube length) was selected t o  take advantage of 
the  technological commonality  (Fig.50 ) .  The counterflow  configuration i s  
l i g h t e r  weight than a p a r a l l e l  f l o w  type and r e su l t s   i n   h ighe r  hydrogen 
temperature f o r  the same sffectiveness.  A cross-flow exchanger i s  more 
compact but heavier than the counterflow unit  due t o  more complex header 
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LUBE COOLER 
BOOSTER-SYSTEM AI 
HYDROGEN E X I T  18OF HYDROGEN I NL ET 66F 
OIL " OIL 
INLET EX1  T 
200 F 175F 
- 
I DESCRI PTlON I I PERFORMANCE I 
.TYPE: SHELL AND TUBE COUNTERFLOW 
OMATERIAL: 6061 ALUMINUM 
*CONSTRUCTION: 
0 4 1 7  TUBES, I / 8 l 1  OD X ,020'' WALL 
BRAZED TUBE BUNDLE 
.WELDED MAN I FOLDS 
WITH .03011 SPACING 
WEIGHT: 6 LBS 
.VOLUME: 0.09 FT3 
HEAT TRANSFER AREA: I 7.3 F T ~  
0 (MAXIMUM COOL I NG REQU I REMENT, LOW SHAFT POWER (56HP) ) 
HEAT INPUTS: 
.LUBE  PUMP 1.0 HP 
GEAR BOX 4.3 HP 
*BEAR1 NGS  AND SEALS 0.7 HP 
*ALTERNATOR 4.0 HP 
TOTAL 10.0 HP (7.07 BTU/SEC) 
.LUBE OIL: MIL-L-23699 
EFFECT I VENESS : 85% 
.OIL A P :  1 PSI  
* H z  A?:  .002 PSI  
.OIL INLET PRESSURE: 100 PSlA 
H2  INLET PRESSURE: 840 PS lA  
FIGURE 50 
design t o  preclude leakage. Hydrogen (high pressure) leakage t o  lube-oil 
 lo^ pressure) i s  avoided with a vented double bulkhead design a t  each end 
of the cooler, as i n  the hydraulic-oil exchanger.  Temperature control i s  
provided by a  three way bypass valve with passive thermostatic actuation. 
Calculations were based on the properties of a synthetic ester base o i l .  
(MIL-L-23699), which i s  widely used i n  gas turbines and auxiliaries.  Flow 
i s  i n  the laminar regime f o r  both the hydrogen and the oil s o  that the heat 
transfer coefficients are independent of f l o w  and pressure drop f o r  both 
f lu ids  i s  less than 1 PSI. 
Preliminary stress analysis indicates that the force acting on the bulkhead 
free-flow area dominates the stresses induced due t o  d i f fe ren t ia l  thermal 
contraction of the outer shell  relative t o  the tubes. Differential travel 
i s  o n l y  0.005 inches s o  t ha t  a bellows i s  not required in the outer shell. 
Both the outer shell and tubes are in tension with a resul tant  shel l  a x i a l  
s t r e s s  of 3000 PSI  and tube stress of 392 PSI. The rad ia l  s t ress  in  the  
outer shell  i s  18,200 PSI f o r  860 PSIA hydrogen giving a factor of safety 
of 2.5 on the ultimate and 2.2 on the yield f o r  the 6061-T6 aluminum.  Tube 
rad ia l  s t ress  is of ly 300 PSI assumipg 100 PSIA lubricating-oil pressure. 
It should be noted that since the lubricating-oil cooler i s  the  las t  hea t  
source element f o r  the hydrogen pr ior  t o  entering the H2/02 temperature 
equilizer (sink) the maximum hydrogen in j ec to r  i n l e t  temperature is  determined 
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solely by the maximum lube  oil  temperature and cooler  effectiveness.  When 
the lube oil is below  the  cooling  reference  temperature (2. .,  startup) 
the  hydrogen  becomes a heat  source for the  oil.  ljetails  of  these opera- 
tional  characteristics  are  discussed in the  Controls  Section. 
Hp/O:, Temperature  Equalizer 
Thermal  conditioning  of  the  oxygen is accomplished  passively  with  the us
of a counterflow  shell  and  tube h at  exchanger  using  hydrogen  as  the  heat 
source.  The  design  requires  'virgin  metal'  construction  to  eliminate  the 
possibllity of a weld  or  braze  join-c  failure  allowing  mixing of the  hydrogen 
and  oxygen  which  could  result in catastrophic  failure. A preliminary design 
applicable  to  the  system Al booster APU is  shbwn in Fig.51.  Three  concen- 
tric  tubes  are  used  to form two annular flow passages in which  the  oxygen 
flows  through  the  inner  annulus  counter  to  the  hydrogen flow in the  outer 
annulus.  The  central  tube is  used  to  increase  velocity  (heat  transfer 
coefficient)  of  the  axygen.  Construction  details  are  given i the  figure. 
No H2/02 commnication can  occur  unless  the  intermediate  tube  cracks  or 
develops  porosity. A double wall design  could  be  utilized  to  reduce  the 
probability for this  type  of  failure  (see  figure). 
Heat  exchanger  effectiveness  at  peak  power is 86 percent  and  the  heat flow 
is 10.2 BTIT/sec. The  hydrogen  temperature  drops o n l y  4.0 F (640 to 600 R) 
in bringing  the  oxygen from 200 R to 580 R. The  pressure  drops  are  not 
excessive,  being 12.6 PSI for the, GH2 and 2.8 PSI for the  oxygen. 
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r H2/0 2 EOUALIZER 
BOOSlER SYSTEM 
 PERFORMANCE AT PEAK POWER 1 
HYDROGEN FLOW: .075 LB/SEC 
OXYGEN FLOW: .0625 LB/SEC 
H2  INLET TEMP: 640R 
H2 EX I T  TEMP: 600R 
02 INLET TEMP: 200R 
02 E X I T  TEMP: 5 8 0 ~  
EFFECT I VENESS : 86% 
HEAT FLOW: 10.2 BTU/SEC 
HYDROGEN A P  = 12.6 PSI 
OXYGEN A P  = 2.8 P S I  
TYPE:  SHELL AND TUBE COUNTERFLOW 
MATERIAL: 304 STAINLESS  STEEL 
CONSTRUCTION: T I  G WELDED 
I NNER TUBE : 1 /2" X .020" WALL 
MIDDLE  TUBE: 5/8" X .020" WALL 
OUTER TUBE: 1 3/16' '  X .02814 WALL 
WE1 GHT: 2 LBS 
VOLUME ENVELOPE: 0.12 FT3 
DOUBLE WALL OPT1 ON HEAT  TRANSFER  AREA: 0.5 FT2 
.EACH WALL .020", WEIGHT  PENALTY 0.5 LBS ASSUMING LOW THERMAL 
*EACH WALL .OlO", NO WEIGHT  PENALTY CONTACT RESISTANCE 
.ADVANTAGE: REDUCED FAILURE  PROBABILITY 
.DISADVANTAGE:  HEAT  RANSFER SENSITIVE TO 
CONTACT CONDUCTANCE-i) I FF I CULT 
TO PREDICT 
.FIGURE 51 
The heat transfer (middle tube) w a l l  temperature i s  very close to the 
hydrogen gas temperature since the oxygen heat transfer coefficient con- 
t r o l s  (ho = 442, hH = 4030 B!KJ/hr-ft2-oF) and the outer tube w a l l  will 
a l s o  be c lose  to  hydrogen temperature since it will be insulated. Conse- 
quently, stresses due to  d i f f e ren t i a l  expansion are  small and no s t ress-  
re l ieving expansion joints  are  required.  Radial  s t ress  in  the outer  tube 
due t o  hydrogen pressure of about 800 PSI i s  11,600 PSI providing a more 
than adequate margim of safety in  the 304 s ta in less  s tee l .  No pressure 
d i f fe ren t ia l  i s  present across the inner tube since it sees the oxygen 
pressure on both sides. The middle tube i s  very l ightly stressed since 
it sees on ly  differences i n  Hd02 pressure, whiCh are smal l .  
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I Propellant Conditioning System-Control Elements 
A d e s c r i p t i o n  of t h e  p r o p e l l a n t  c o n d i t i o n i n g  system con t ro l  elements is 
shown i n  F i g .  52. 
Dif fe ren t i a l  P res su re  Regu la to r  - The schematic shown i n  t h e  u p p e r  l e f t  of 
Fig.52 illustrates a d e s i g n  c o n c e p t  f o r  t h e  d i f f e r e n t i a l  p r e s s u r e  r e g u l a t o r .  
The regulator  senses  hydrogen pressure del ivered t o   t h e  fue l  s i d e  of t h e  
b ip rope l l an t  t h ro t t l i ng  va lve .  Ox id ize r  f low re s i s t ance  th rough  the  r egu la to r  
is con t ro l l ed  so tha t ,  unde r  f lowing  cond i t ions ,  t he  ox id iae r  p re s su re  
d e l i v e r e d  t o  t h e  b i p r o p e l l a n t  t h r o t t l i n g  v a l v e  i s  an increment  lower than 
t h e  f u e l  p r e s s u r e .  
A l inear-displacement  valve i s  pos i t ioned  by a spring-biased metal-diaphragm 
ac tua to r .  Two opposing  single-convolution  diaphragms are used,  with  an 
i n t e r m e d i a t e  v e n t  c a v i t y ,  t o  e l i m i n a t e  t h e  p o t e n t i a l  f o r  c o n v o l u t i o n  
r e v e r s a l .  The normally-closed  dual-poppet  valve i s  des igned  fo r  nominal 
balancing of o x i d i z e r  i n l e t  p r e s s u r e  axial f o r c e s  a p p l i e d  t o  t h e  v a l v e  s o  
t h a t  r e g u l a t e d  o u t l e t  p r e s s u r e  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by v a r i a t i o n s  
i n  . i n l e t  p r e s s u r e .  
Under f lowing  cond i t ions ,  t he  r egu la to r  va lve  and a c t u a t o r  are pos i t ioned  
t o  maintain an axial f o r c e  b a l a n c e  i n  which sensed  fue l  p re s su re  fo rce  i s  
opposed by o x i d i z e r  o u t l e t  p r e s s u r e  f o r c e s  and by t h e  h e l i c a l  bias sp r ing  
and metal diaphragm  mechanical  spring  forces.  The s p r i n g  f o r c e s  r e s u l t  i n  
a r e g u l a t e d  o x i d i z e r  p r e s s u r e  t h a t  i s  s l i g h t l y  l o w e r  t h a n  t h e  s e n s e d  f u e l  
pressure .  The o r i f i c e  i n  t h e  fue l  p re s su re  po r t  and t h e  volume o f  t he  
pressure-sens ing  cavi ty  a re  s ized  to  provide  dashpot  damping f o r  dynar ic  
s t a b i l i t y .  
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PROPELLANT CONDITIONING  SYSTEM - CONTROL ELEMENTS 
DIFFERENT1 AL PRESSURE REGULATOR 
PH2 
D I F F E R E N T I A L  PRESSURE  REGULATOR 
0 P o 2  = P H ~  a Pb (F IXED B IAS ADJUSTS FOR \ 
A   D E V I A T I O N   I N  0 2  AND H z  TEMPERATURE) 
.TWO OPPOSING  SINGLE  CONVOLUTION  DIAPHRAGMS 
WITH  INTERMEDIATE  VENT  CAVITY  (ELIMINATES 
CONVOLUTION  REVERSAL) 
0 NORMALLY  CLOSE0  POPPET  DESIGNED FOR A X I A L  
FORCE BALANCE TO REDUCE S E N S I T I V I T Y  TO P o 2  
SUPPLY 
PH- 
L 
(b ) 
2 WAY 
SOLENO I 
D I F F E R E N T I A L  PRESSURE  REGULATOR 
0 PO2 = pH2 - Pb + f ( T e )  
REGULATOR  SETTING I S  BIASED BY 
TURBINE  EXIT  TEMPERATURE SENSOR 
INDICATING  TT  OUTSIDE  ACCEPTABLE 
BAND 
VALVE 
\ 
I 1  
I 
I 
I 
I 
I 
/ I  I 
REGENERATOR - BYPASS VALVE 
(FLOW SPLITTER) 
1 M l N l M l Z E S  FLOW IMPEDENCE (MAX) E. A R ( w ~ )  CHANGES WITH  VALVE  POSIT ION 
L 
TRANSDUCER 
(') CONNECTOR 
pb 
THRUST 
BEAR I NG PY I EAR-HEAD  ELECTRIC SERVOMETER  AND  ENCLOSURE 
*ROTARY  DISPLACEMENT FLOW SPLITTER 
* INTERNAL  Hz   PRESSURIZATION - E L I M I N A T E S  
0 1 I S V ,  400 Hz, 2 $ SERVO MOTOR (AS  USED 
DYNAMIC  SEALS 
I N  J-2 ENGINE  AT  160OR) 
I I  
PS 
I1 P, 'DI I  SCHARCE 
LINEAR  DISPLACEMENT SPOOL TYPE 
PNEUMATIC  ACTUATION - N O R M L L Y  CLOSED 
9 NO DYNAMIC  SEALS 
W I T H  SHUTOFF  VALVE  DE-ENERGIZED - ALL  
LEAKAGE  PATHS  ARE BLOCKED 
FIGURE 52 
! Tne schematic shown i n   t h e   l o w e r  l e f t  of   Fig.  52 illustrates a d i f f e r e n t i a l  
p r e s s u r e  r e g u l a t o r  similar t o   t h e  one above except  for  the addi t ion of  two 
so lenoid  ac tua ted  two-way valves .  The r e g u l a t o r  i n  t h e  l o w e r  l e f t  of F ig .  52 
is d e s i g n e d  f o r  o p e r a t i o n  i n  a system i h  which e i t h e r  t u r b i n e  i n l e t  
temperature  o r  exi t  temperature  i s  monitored. If the monitored temperature  
exceeds a p r e s e t  limit t h e  s o l e n o i d  v a l v e  t h a t  is por ted  t o  t h e  f u e l  s i d e  
of  the diaphragm actuator  i s  energfzed t o  permit a r e s t r i c t e d  o u t f h w .  
P r e s s u r e  i n  t h e  s e n s i n g  c a v i t y  is then  less t h a n  t h e  e x t e r n a l  f u e l  p r e s s u r e ,  
as determined by t h e  r a t i o  o f  t h e  s e n s i n g  c a v i t y  o u t f l o w  and 5n f low e f fec t ive  
f low areas. A cor re spond ing  dec rease  in  r egu la t ed  ox id ize r  ou t l e t .  p re s su re  
results i n  a lesser ox id ize r  f lowra te  and a lower oxidizer / fuel  f lowrate  
r a t i o .  A d e c r e a s e   i n  Ras generator  combustion  temperature results. The 
solenoid valve remains open u n t i l  t h e  m o n i t o r e d  t e m p e r a t u r e  d e c r e a s e s  t o  a 
prese t  lower  limit, at  which time t h e  solenoid is deenergized, and 
r egu la to r  func t ion ing  wi thou t  an  o f f s s t  i n  sensed fuel pressure  i s  resumed. 
If the monitored temperature  i s  lower than a p r e s e t  limit, t h e  solenoid 
va lve  t h a t  i s  por t ed  to  the  f eedback  p res su re - sens ing  s ide .  of the diaphragm 
a c t u a t o r  is ene rg ized  to  pe rmi t  a r e s t r i c t ed  ou t f low.  The feedback pressure  
is then  less t h a n  t h e  o x i d i z e r  r e g u l a t e d  o u t l e t  p r e s s u r e ,  as determined by 
t h e   r a t i o  of the  feedback  pressure-sens ing  cavi ty  out f low and inf low 
e f f e c t i v e  f l o w  areas. A cor re spond ing  inc rease  in  r egu la t ed  ox id ize r  ou t l e t  
p re s su re  is requ i r ed  in  ma in ta in ing  an  ac tua to r  fo rce  ba l ance .  A g r e a t e r  
o x i d i z e r  f l o w r a t e  and o x i d i z e r / f u e l  f l o w r a t e  r a t i o  r e s u l t ,  and the  gas  
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generator combustion temperature increases. The solenoid valve remains 
energ ized  unt i l  the  moni tored  tempera ture  increases  to  a preset upper limit, 
at  which t ime the solenoid i s  deenergized, and regula tor  func t ion ing  
without a n  of fse t  in  sensed  feedback  pressure  is resumed. 
Regulator Bypass Valve (Flow S p l i t t e r )  - Two concepts of a regenerator bypass 
valve are shown i n  F i g .  52. As shown i n  Fig.  52d, the  i n l e t  p o r t  i s  suppl ied  w i t h  
hydrogen at pressure,  P,. One of t h e   o u t l e t   p o r t s ,  a t  
pressure  PC d e l i v e r s  f u e l  d i r e c t l y  t o  t h e  regenerator .  The o t h e r  o u t l e t  
por t ,  a t  pressure PD d e l i v e r s  f u e l  t o  a bypass l i n e .  A c losed  loop  cont ro l  
system p o s i t i o n s   t h e   v a l v e   t o  regulate TPU i n l e t  t empera tu re  by con t ro l l i ng  
the  regenera tor  and bypass f low res i s tances .  
Both design concepts incorporate meteringports designed SO t h a t  
Ab = bypass  f low  effective area 
AR regenerator  flow e f f e c t i v e  
area. 
as t h e  ac tua to r  is displaced from i ts  normal pos i t ion ,  i .e.,  bypass flow 
area closed. This a r e a  r e l a t i o n  minimizes flow impedance changes with valve 
pos i t ion .  
A l inear-displacement  spool  type valve ' is  shown i n  lower right of Fig.51 
The design includes a torque-motor-actuated three-way servovalve and a 
solenoid-actuated two-way shutoff  valve f o r  con t ro l  o f  t he  cav i ty  p re s su res  
i n  a p is ton  ac tua tor .  With t h e  s h u t o f f  v a l v e  i n  i ts  normally-closed 
pos i t i on  when supply pressure is applied,  a l l  in t e rna l  p re s su res  equa l i ze  
at Ps. The servovalve is spr ing  biased t o  p o r t  s u p p l y  p r e s s u r e  t o  t h e  c a v i t y  
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at pressure  PC. Supply pressure is a lso  por ted  through an  or i f ice  wi th  
e f f ec t ive  f low areas a n d  t h e  p i s t o n  a c t u a t o r  cavity volumes are s i zed  s o  
t h a t  p r e s s u r e  PC will i n c r e a s e  faster than  pressure  P and the  spool  va lve  
will remain i n  i ts  normal p o s i t i o n  when supply  pressure  is i n i t i a l l y  
D 
appl ied.  
When the  shu to f f  va lve  is energized t o  i ts  open pos i t i on ,  t he  se rvova lve  
o u t l e t  i s  ported t o  a d i scha rge  p res su re  tha t  is lower than supply pressure.  
The a c t u a t o r  is designed t o  accommodate opera t ion  wi th  a compress ib le  f lu id  
and assumes g a s e o u s  i n l e t  c o n d i t i o n  o f  t h e  p r o p e l l a n t .  The ac tua tor  p i s tor !  
i s  ho l low and  an  o r i f i ce  wi th  e f f ec t ive  f low area A2 i n t e rconnec t s  t h e  
c a v i t i e s  a t  p re s su re  P and PE. The o r i f i c e  area and c a v i t y  volume 
assoc ia ted  wi th  pressure  PE are s i zed  so t h a t  t h e  dynamic i n t e r a c t i o n  between 
p res su res  PD and P c o n t r i b u t e s  damping in  obta in ing  dynamica l ly  stable 
opera t ion  w i t h  t he  compress ib l e  ope ra t ing  f lu id .  
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The s p r i n g  c a v i t y  a t  p re s su re  P is por t ed  to  supp ly  p re s su re  t o  maintain 
PA n e a r l y  e q u a l  t o  Ps during valve motion t ransients .  .The cavi ty  a t  
p re s su re  PB js interconnected wi th  Ps and PC by valve and stem guide 
c learances .  This c a v i t y  volume is small enough t o  c o n t r i b u t e  d a s h p o t  damp- 
i n g  of mot ion  t rans ien ts .  
A 
Under opera t ing  condi t ions ,  spool  va lve  pos i t ion  is con t ro l l ed  by t h e  
modulating  servovalve.  The cavity a t  pressure  P receives inflow  through 
guide c learances  f rom pressures  P and PD and servovalve leakage inflow 
from Ps. The servovalve controls  outf low from PC t o  PDTSCHARGE and thereby  
C 
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c o n t r o l s  P t o  m a i n t a i n  a spoo l  va lve  and  p i s ton  ac tua to r  fo rce  ba l ance  at 
any spool va lve   pos i t i on .  When P decreases ,  P also decreases ,   wi th   f low 
from P t o  P t h r o u g h  o r i f i c e  area A1 and flow from PD t o  PC th rough  the  
p i s ton  c l ea rance ,  and pressure  PB h a s  a similar decrease.  The h e l i c a l  
s p r i n g  f o r c e  acts i n  t h e  d i r e c t i o n  of permi t t ing  P t o  be less than  PD 
under  s teady-state  condi t ions with forces  balanced.  
C 
C D 
S D 
C 
A p o s i t i o n  t r a n s d u c e r  a t t a c h e d  t o  t h e  p i s + , o n  p r o v i d e s  a spool  valve 
p o s i t i o n  f e e d b a c k  e l e c t r i c a l  s i g n a l  f o r  c l o s e d  l o o p  p o s i t i o n  c o n t r o l .  
This  des ign  concept  requi res  no dynamic seals o t h e r  t h a n  t h e  s o l e n o i d -  
actuated  shutoff-valve  poppet-and-seat  closure seal. When the  shu to f f  va lve  
i s  deenergiaed, a l l  leakage paths  are blocked. 
The uppe r  r igh t  of Fig. 51 i l lustrates a des ign  concep t  fo r  a ro ta ry  bypass  
valve with e lectr ic  motor actuator.  The r o t a r y  v a l v e  flow windows are 
c o n t o u r e d  f o r  t h e  f l o w  area re l a t ionsh ip  p rev ious ly  desc r ibed .  Th i s  des ign  
c o n c e p t  i n c l u d e s  a n  a n t i - f r i c t i o n  t h r u s t  b e a r i n g  f o r  axial pos i t ion ing  of  
t h e  v a l v e  i n  t h e  p r e s e n c e  of unbalanced forces .  Angular  posi t ioning of 
t h e  v a l v e  is c o n t r o l l e d  by a gear-head e lectr ic  servomotor  with posi t ion-  
l imi t ing  mechanica l  s tops  i n  t h e  g e a r  t r a i n .  
The g e a r  t r a i n  and t h e  motor are e n c l o s e d  i n  a c o n t a i n e r  t h a t  is pressur ized  
in te rna l ly  wi th  hydrogen  a t  va lve  in le t  supply  pressure .  This  concept  
e l imina te s  dynamic seals, and t h e r e f o r e  e l i m i n a t e s  t h e  p o t e n t i a l  f o r  
dynamic seal leakage. 
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I Because of t h e  low  valve  f f luent   temperature ,   c i rculat ion  f low  between  the 
v a l v e  c a v i t y  and the motor  enclosure i s  r e s t r i c t e d  at t h e  v a l v e  s h a f t  so  
t h a t  h e a t  t r a n s f e r  w i l l  ensure the presence of simi-stagnant gaseous hydrogen 
i n  t h e  motor enclosure. It may be necessary t o  d e s i g n  t h e  e n c l o s u r e  t o  
e n s u r e  s u f f i c i e n t  h e a t  t . r a n s f e r  t o  maintain the motor  temperature  within i t s  
al lowable limits. Some 11s v o l t ,  400 Hz, two-phase  servomotors,  used as 
r o t a r y  v a l v e  a c t u a t o r s ,  are i n  use on t h e  5-2 engine with Rotor operating 
temperatures  as low as 160"R and t h e  g e a r  t r a i n  will inc lude  a va lve-pos i t ion  
f eedback  t r ansduce r  fo r  c losed  loop  con t ro l .  o f  va lve  pos i t i on .  A l i n e a r -  
displacement  t ransducer  with a ro ta ry- to- l inear  mot ion  t ransrn lss ion  in  the  
gea r  train can be used. Use of a vol tage  t ransformer  type  of  t ransducer  
i s  f a v o r e d  i n  p r e f e r e n c e  t o  u s e  of a ro ta ry  poten t iometer  t o  e l imina te  the  
p o t e n t i a l  f o r  a r c i n g  i n  a hydrogen-f i l led enclosure.  
S h a f t  l i p  seals can be used t o  r e s t r i c t  c i r c u l a t i o n  f l o w  between the motor 
enc losure  and  the  va lve  cavi ty  and t o  seal the enclosure against  inward 
migrat ion of  a i r  or moisture under stcrage,  handl. ing,  and s tandby condi t ions.  
The encl.osure will inc lude  provis ions  f o r  purging and f i l l i n g  xith a d ry  
ine r t  gas .  T igh t  s ea l i . ng  a t  low  operati .ng  temperatures i s  not  required,  
p rov ided  tha t  s ea l ing  aga ins t  mo i s tu re  i s  obtained subsequent to each 
exposure t o  t h e  o p e r a t i n g  t e m p e r a t u r e  r a n g e .  
Powcr  Control Valve Assembly 
Pulsc Control - A preliminary  design  concept  for an on-off  bipropellant  valve, 
applicable for a  pulse  speed  control is shown in  Fig. 53 . Requirements  for 
high  cycle  reliability  is  obtained  by  employing: 
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PQWER CONTROL VALVE ASSEMBLY 
PULSE CONTROL 
ON-OFF  31PROPELLANT  VALVE 
PRESSURE  MODULATED  CONTROL 
I / J \ ELECTRICAL  PNEUMATIC 4 WAY SERVO 
I COMBUSTOR  (CAN  BE ALL  PNEUMATIC FOR U S E   W I T H  
I PUMP I u 
 ALTERNATOR 
ELECTRO  MAGNETIC - PILOT,   PRESSURE  ACTUATE0 
FLAT  SEATS;   FLEXTURE MOUNTED M I N I M I Z E S   S C R U B B I N G   A C T I O N  
NO METAL TO METAL  BEARING  SURFACES 
NO DYf iA! l IC  SEALS 
6 0 2  AN0  Hz   ACTUATES  FA IL   SAFE  (CLOSURE)  
* T I G H T  SHUT OFF PROVIDE0  BY  NET  LOA0 ON SEATS  Wi i ICH 
INCREASE  WITH  INLET  PRESSURE 
* I 0  MS RESPONSE  (SHORT STROKE,  LOW I N E R T I A )  
*REINFORCED  TEFLON  STEM  GUIDES 
HYDROFORM  BELLOWS  TEM  SEALS 
O2 
I '  
MECHANICALLY  LINKED  BI-PROPELLANT  URBINE  THROTTLE  VALVE  ASSY. 
*VALVE  DESIGNED  TO  PROVIDE  SONIC  VELOCITY  AT  
FLOW THROAT  O M I N I M I Z E   S E N S I T I V I T Y  TO  COMBUSTOR 
PRESSURE  VARIATIONS 
* M E T A L  BELLOWS  USED  AS  LEAK  TIGHT  VALVE  STEM  DYNAMIC  SEALS 
*BELLOWS  PROTECTED FROM DIRECT  IMPINGEMENT OF PROPELLANTS 
FLUID  PRESSURE  FORCES  ON  BELLOWS  PREVENT 
BACK-LASH  OF  LINKAGE  CLEARANCES 
ZERO  EXTERNAL  EAKAGE 
1. No metal- to-metal   bear ing  surfaces  
2. No s l i d i n g   s e a l i n g   s u r f a c e s  
3. Minimum linkage  components 
The design approach included the fol lowing factors :  
1. Uoth  oxygen  and  hydrogen s i d e s  a c t u a t e  f a i l - s a f e  rind p rov ide  t i gh t  
shutoff  because net  load on s e a t s  i n c r e a s e s  w i t h  an increase in  in le t  
pressure .  
2. Low d i f f e r e n t i a l  p r e s s u r e  is achieved by large  diameter  seats 
3.  Fast   response  and low bellows and f l exure  s t r e s ses  a re  ach ieved  
by s h o r t  s t r o k e  
4. P o s i t i v e  a c t u a t i o n  is  achieved by l a r g e  e f f e c t i v e  a r e a  d i f f e r e n c e  
between the oxygen and hydrogen bellows and hydrogen seat 
Some de ta i l   des ign   f ea tu re s   a r e   p re sen ted   i n  Fig.52 . Operation of the  
b ip rope l l an t  va lve  is as follows: 
Clos ing  - Fuel  (gaseous  hydrogen a t  40 i3O F) i s  d i r e c t e d  to the  ins ide  of 
the stem bellows  where, due to  the  l a rge  e f f ec t ive  d i ame te r  and 
spr ing  load  of the fuel-s ide bel lows,  the bel lows loads the fuel  
poppet t o  c lose.   Oxidizer   (gaseous oxygen a t  40 +30 F) pressure 
d i f f e r e n t i a l  a c r o s s  t h e  o x i d i z e r  p o p p e t  l o a d s  it to   c lose .   Fue l  
l a g  on c l o s i n g  i s  provided by the clearance between the oxidizer  
poppet and the stem. 
Openinq - E l e c t r i c a l l y  e n e r g i z i n g  t h e  t h r e e . . w a y  s o l e n o i d  p i l o t  v a l v e  v e n t s  
t h e  i n s i d e  of the stem bellows and a l l o w s  l i n e  p r e s s u r e  t o  open 
the  poppets .   Fuel   lead is p rov ided   ( i f   r equ i r ed )  by the   c learance  
between the oxidizer poppet and the stem. 
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Pressure Modulated Control - A convent ional  pneumatic  actuator  of  the  type  
shown i n  Fig.  53 can be u s e d  i n  a tu rb ine  speed  cont ro l  sys tem tha t  uses  
an e l e c t r i c a l  i n d i c a t i o n  of turbine  speed.  The servovalve   cont ro ls   the  
ac tua to r  cy l inde r  p re s su res ,  and the transducer provides a pos i t ion  feed-  
back s igna l  fo r  c losed  loop  con t ro l  of ac tua to r  pos i t i on .  An o r i f i c e  
th rough  the  p i s ton  pe rmi t s  con t ro l l ed  damping. 
The ac tua to r  i s  sp r ing  b i a sed  i n  t h e  d i r e c t i o n  of opening the gas  generator  
b i p r o p e l l a n t  t h r o t t l e  v a l v e .  A normal ly-open   th ro t t le   va lve   permi ts   p ro-  
p e l l a n t  i n f l o w  f o r  s t a r t i n g  a tu rb ine  when pneumatic supply pressure i s  
no t  ava i l ab le .  A s  the  turbine speed and the corresponding APU hydraul ic  
pump speed increase during a s t a r t i ng  t r ans i en t ,  pneumat i c  p re s su re  becomes 
a v a i l a b l e  f o r  c l o s i n g  t h e  t h r o t t l e  v a l v e  t o  t h e  p o s i t i o n  a t  which nominal 
ra ted  speed  is  obtained and maintained. 
The mechanical ly  l inked bipropel lant  valve assembly is shown i n  t h e  lower 
r i g h t  of Fig .  5 3 .  The f low res i s tance  for  each  gaseous  propel lan t  is 
con t ro l l ed  by the  ax ia l  p o s i t i o n  of a movable contoured  p in t le  wi th  respec t  
t o  a converging-diverging-fixed  nozzle.   Each  valve is des igned  to  main ta in  
son ic  ve loc i ty  a t  t h e  f l o w  t h r o a t ,  so t h a t  f l o w r a t e s  are d i r e c t l y  p r o p o r t i o n a l  
t o  the i n l e t  p r e s s u r e s  and  independent of o u t l e t  p r e s s u r e  v a r i a t i o n s .  
hletal  bellows are used as l eak - t igh t  va lve  s t em f r i c t ion le s s  dynamic seals. 
Each bellows is enclosed in  a c a v i t y  t h a t  i s o l a t e s  t h e  b e l l o w s  from d i r e c t  
exposure  to  p rope l l an t  f l ow,  s o  t h a t  c y c l e - l i f e  c a p a b i l i t i e s  w i l l  not  be 
degraded by direct  impingement of f l u i d s  or by  dynamic d r i v i n g  f o r c e s .  
The two valves  are mechanica l ly  l inked  to  a common actuator .  Supply pressure 
fo rces  app l i ed  to  the  be l lows  p rov ide  b i a s  fo rces  tha t  p reven t  back la sh  
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i n  t h e  l i n k a g e  c l e a r a n c e s  t h a t  a r e  r e q u i r e d  i n  accommodnting  minor misal ign-  
ments and f ab r i ca t ion   t o l e rances .  
The vented  l inkage  cavi ty  can be pro tec ted  aga ins t  in f low of moisture from 
the surrounding ambient environment by the u s e  of vent  port  check valves .  
Linear  disylnccmcnt  of  the  valves is required.  As an a l t e r n a t e  t o  t h e  u s e  
of a p i s t o n  a c t u a t o r ,  a r o t a r y  e l e c t r i c  motor w i th  a bal l -screw rotary- to-  
l i n e a r  motion  transmission  could be  uscd.  Multiple  brushless  direct-  
current motors on a common s h a f t  have becn developed to provide redundancy 
of c r i t i c a l  e l e m e n t s  i n  a c t u a t o r s  of t h a t  t y p e .  A n  example of t h i s  type 
design is shown in  F ig .54  depic t ing  a Uendix  Corp.  redundant  electro- 
mechanical  c losed loop servo actuator  system as used on the Lunar Module 
Engine. 
109 
P 
P 
0 
BENDIX CORPORATION REDUNDANT ELECTRO-MECHANICAL 
CLOSED  LOOP  SERVO  ACTUATOR  SYSTEM 
TYPICAL DIYMSIOWS 
LMGTB 12.25" 
Wmtl 5.0 " 
IIPIGHT 6.1 " 
System ~. Considerations - Hydrogen  Environmental  Effects 
It has  become  well  recognized  that  the  properties  of  metals  can  be 
profoundly  affected  by  the  environment.  Of  particular  pertinence  to 
hydrogen-exposed  systems  is  the  relatively  recent  discovery  that  a  wide 
range  of  metals  are  susceptible  to  hydrogen-environment  embrittlement. 
The  nature of this  embrittlement,  the  conditions  under  which  it  can 
occur,  and  the  methods  available  to  prevent  it  have  been  thoroughly 
investigated  at  Rocketdyne  during  the  past  years.  Based on these  studies, 
sufficient  understanding  exists  at  Rocketdyne  to  ensure  that  no 
detrimental  affects  will  be  encountered  in  the APU.
The  embrittling  effects  of  hydrogen  have  long  been  known  but  the  recognition 
that  there  are  different  'types  of  hydrogen  embrittlement  is  more  recent. 
These  different  types  of  embrittlement  can  be  designated  as  hydrogen- 
reaction,  internal-hydrogen,  and  hydrogen-environment  embrittlement. 
Hydrogen-reaction  embrittlement  can  result,  for  example,  from  the 
formation  of  an  embrittling  hydride (e.g.,  titanium  hydride)  or  of  high- 
pressure  gas  pockets  as  the  result  of  reaction  of  the  hydrogen  with 
oxygen  to  form  water  vapor  or  with  carbon  to  form  methane.  Internal- 
hydrogen  embrittlement  is  that  due  to  hydrogen  absorbed  into  and  through- 
out  the  metal.  The  best  recognized  example  of  this  embrittlement  is 
the  delayed  failure of hydrogen-charged,  high-strength  steels.  Hydrogen 
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reactions  and  absorption of hydrogen  from  the  gas  are  accelerated  by 
elevated  temperatures  and,  in  most  cases,  embrittlement  requires  elevated 
temperature  exposure.  Extensive  absorption of hydrogen  also  can  occur 
because of electrolytic  and  chemical  reaction  processes.  Hydrogen- 
reaction  embrittlement  and  internal-hydrogen  embrittlement  have  been 
extensively  investigated  over  many  years  and  methods  of  preventing  these 
types  of  embrittlement  are  well  documented. 
Hydrogen-environment  embrittlement  is  under  intensive  study  under  NASA 
funding  as  a  result of hydrogen-storage  vessel  failures  encountered  in 
recent  years.  The  most  comprehensive of these  programs  was  conducted  at 
Rocketdyne  and  it  was  during  these  investigations  that  it  was  found  that 
quite  a  wide  variety of metals  are  to  some  degree  susceptible  to  hydrogen- 
environment  embrittlement.  These,  and ’ ther recent  studies,  have  served 
to clarify  the  nature of hydrogen-environment  embrittlement  and  the  conditions 
under  which  it  occurs.  This  improved  understanding  has  made  it  possible 
to  develop  design  approaches  and  methods of minimizing or preventing 
embrittlement  to  ensure  that  failures  do  not  occur  because of hydrogen 
environment  embrittlement.  A  recent  Rocketdyne  report  enumerates  these 
considerations. 
* 
+r Hydrogen  Environment  Embrittlement  of  Metals,  Rocketdyne  Report  RSS-8511, 
Volume 35, April 21, 1971 
” 
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/ A thorough  review of the  conditions  which  may  be  encountered  in  the APU 
leads  to  the  conclusion  that  no  detrimental  effects  are  to  be  expected 
from  hydrogen-environment  embrittlement.  There  are  five  reasons  for  this: 
1. The  parts  exposed  to  hydrogen  are  designed  for  this  service.  Materials 
are  selected,  based  on  Rocketdyne's  extensive  experience,  to  avoid 
problems  with  environmental  embrittlement,  or  stress  factors  are 
used  when  the  high  strength  steel  alloys  are  used.  In  recent  years 
an increasing  knowledge  has  accumulated  regarding  hydrogen-environment 
embrittlement. 
2. Turbomachinery  and  combustion  devices  for  Rocketdyne  engines  (e.g., 
5-Z ) ,  have  a  long,  successful  history  of  performance  with  hydrogen 
fuel  without  a  single  failure  assignable  to  hydrogen  environment 
embrittlement. 
3.  Hydrogen-environment  embrittlement  is  most  pronounced  at  high  pressures 
where  stress  induced  grain  boundary  separation  induces  the  problem.  The 
APU components  are  operating  below 700 psia. 
4. Many  combustor  and  turbomachinery  components  will  be  exposed  to  a 
mixture of hydrogen  plus  water  vapor. It is known  that  the  presence 
of  certain  materials  (such  as  oxygen)  will  inhibit  embrittlement  by 
hydrogen. It is  anticipated  that  water  vapor  will  also  have  an 
inhibiting  effect  upon  embrittlement. 
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5. In areas  where  Rocketdyne's  experience  indicates  that  a  problem  could 
exist,  components  will  be  protected  from  the  environmental  effects 
by  providing  a  barrier that,prevents  strength  or  ducti.lity  degradation 
due  to  that  environment.  Rocketdyne  has  demonstrated  that  copper  or 
gold  plating  protects  the  base  metal  from  hydrogen  environment 
embrittlement  at  hydrogen  pressures  up  to  10,000  psi. 
Electro  deposited  copper  fronl  pyrophosphate  baths  can  be  employed so 
that  controlled  thicknesses  can  be  deposited  with  a  minimum  of  special 
tooling.  In  certain  instances,  internal  anodes  will  be  required  due 
to  the  throwing  power  limitations of a  copper  plating  system.  It  has 
been  shown  that  as  much as 0.012  inch  of  pyrophosphate  copper  can  be 
deposited  into  recesses 1/4 inch  deep  and 1/4 inch  in  diameter  without 
special  anodes. 
In  a few  components,  highly  recessed  areas  exist  whfch  do  not  lend 
themselves  to  the  use of external  anodes.  In  these  cases  where  still 
hieher  throwing  power  capability  is  required,  gold  plating  also  can 
be  employed.  Special  gold  plating  baths  have  been  developed  which 
have  excellent  throwing  power  (Sel-Rex BDT bath).  Gold  plate has  been 
deposited  to  a  depth of 1 inch  in  a  hole 0.030 inch  in  diameter. 
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In general,  conventional  plating  procedures  are  followed  while  special 
attention  is  directed  to  details  that  result  in  high-integrity  plated 
deposits.  These  include  cleaning  and  strike  operations  applicable to 
the  alloy  being  protected  and  fixture  design  dictated  by  the  configur- 
ation  of  the  part  being  plated. 
Some  concern  has  recently  been  generated  at  the loss in  strength  and 
ductility  for  Udimet  turbine  wheel  materials  when  exposed  to  water  saturated 
hydrogen,  especially  at  modest  temperatures.  Tests  are  currently  planned 
within NASA to  determine  the  extent  of  potential  difficulty. 
From  data  available  to  Rocketdyne,  it  has  been  concluded  that  the  reported 
effect  should  abate as temperature  increases  to  the  level  normally 
encountered.  in  turbines  and  that  persistance of any loss in  strength  can 
be  countered  by  the  use of plating  to  prevent  direct  exposure  of  the  Udimet. 
Rocketdyne  is,  and  will  continue  to  follow  developments  in  this  area. 
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APU OPERATIONAL ANALYSIS 
S U r m n a q  
The APU has  been  separated  into  three  functional  subsystems:  the  Propellant 
Conditioning  System  (PCS)  the  Turbopower  Unit (TPU) and  the  Power  Control 
as  shown  in  Fig. 6 .  The  functions  of  each  subsystem  are  summarized  below: 
1. Propellant  Conditioning  System:  Acquire  and  condition  the  propellants 
as  necessary,  to  provide  gaseous  propellants  at  controlled  pressure 
and  temperature  to  the  TPU.  Provide  necessary  hydraulic  and  lubricating 
oil  cooling. 
2. Turbopower  Unit:  Efficiently  convert  the  potential  chemical  energy 
of the  propellants  into  hydraulic  and  electrical  power  to  meet :he. 
flight  power  profile. 
3.  Power  Control:  Provide  speed  control  to  ensure  that  the  TPU  operates 
within  specified  limits  under  both  steady  state  and  transient  conditions 
during  load  transmission.  Turbine  inlet  temperature  control  is 
accomplished  by  the  relative  sizing  and  mechanical  linkage of the  power 
control  valve  combined  with  the  controlled  propellant  inlet  conditions 
to  the TPU at  the  combustor. 
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The PCS controls  used  to  condition  the  propellants  are  summarized  below: 
1. The  inler  pressure:  Controlled  by  a GH2 regulator  located  at  the 
2 
PCS  inlet,  and  a  differential  pressure  regulator  which  senses GH 
pressure  and  establishes GO pressure  at  the TPU inlet. 2 
2. TPU inlet  temperature:  Regulated  by  a  closed  loop GH2 temperature 
control  utilizing  a  bypass  valve  around  the  regenerator.  This  control 
maintains  a  constant GH temperature  at  the  inlet  to  the TPU under 
varying  hydraulic  and  lube  oil  heating  loads,  as  well  as GH supply 
temperature  variations.  The  temperature  equalizer  passively  brings 
the GO and GH inlet  temperature  within  close  proximity. 
2 
2 
2 2 
Two types of power  control  were  investigated,  a  pressure  modulated  control 
and  a  pulse  width  modulated  control.  Each of these  power  control  types 
is  directly  applicable  to  the  above  described  Propellant  Conditioning 
System,  and  is  summarized  below: 
1. Pressure  Modulated  Power  Control:  Function  is  to  throttle TPU inlet 
pressure  to  the  turbine  in  order  to  match  turbine  power  against  the 
load  and  thereby  maintain  instant  speed.  This IS accomplished  by  a  closed 
loop  speed  control  in  which  any  deviation  from  a  reference  speed  is 
converted  to  a  driving  signal  to  modulate  the  valve.  The  valve  itself 
is  mechanically  linked,  providing  a  constant  area  ratio  independent  of 
valve  position. 
2. Pulse-Width  Modulated  Power  Control:  Function is to  pulse  the  TPU 
inlet  pressure  to  the  turbine in order  to  provide  turbine  power  at  a 
fixed  level  and  varying  duration  and  thereby  maintain  speed within  a 
predetermined  band.  This is accomplished  by  a  closed  loop  speed 
control  which  signals  an  "on"  pulse,  opening  the  power  control  valve 
when  TPU  speed  reduces  to  the  lower  band  limit,  and  signals  an rroffll 
pulse,  closing  the  valve,  when  TPU  speed  increases  to  the  upper  band 
limit.  The  valve  is  mechnaically  linked,  providing  a  constant  area 
ratio  during  the  "on"  pulse. 
Steady  state  and  transient  operating  characteristics of the  APU  were 
investigated  utilizing an analog  model  as  the main  analytical  tool.  The 
key problems  investigated  were: 
1.  Could  the  system  components  function  satisfactorily  over  the  required 
power  and  altitude  profile,  and  what  was  the  effect on mixture  ratio 
and/or  specific  propellant  consumption (SPC). 
2. Could  the  APU  handle  varying  cooling  loads  at  different  power  levels 
without  affecting  mixture  ratio or SPC. 
3. Could  the  APU  control  system  provide  stable  operation  over  the  flight 
operational  profile. 
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4. 
5. 
Could  the APU control  system  handle  severe  steps  in  load  or  propellant 
inlet  conditions  without  exceeding  a  maximum  allowable  speed  deviation 
or  causing  detrimental  excursions  in  turbine  inlet  temperature. 
What  was the  sensitivity of turbine  inlet  temperature  to  errors  in 
various  components. 
A summary of the APU steady-state  operational  characteristics  as  modeled 
on the  analog  computer  is  presented  in  Fig. 55. Tolerance  bands  for  the 
controlled  variables  were  established  and  it  was  shown  that  at  the  worst 
condition,  mixture  ratio  would  change  by  3.1%  causing a  associated 
change  in  turbine  inlet  temperature of 68 R. These  values  are  well  within 
the  acceptable  limits of operation.  The  steady-state  results  also  show 
that  the  pulse-width  modulated  system  control  was  able  to  maintain  turbine 
inlet  temperature  at  f13R,  pressure  at 21.2% and  mixture  ratio  at 50.8% 
when  power  output  was  at 25%. At  100%  power,  the  temperature  variation  was 
- +23R.  For  the  pressure  modulated  system,  the  variations  were  essentially 
zero. 
Figures 56 and 57 show  the  analog  output  in  response  to  a  step  change  in 
power.  The  pressure  modulated  system  (Fig. 56) adjusts  within  approximately 
1 second  and  the  variation  in  system  speed is well  within  the  requlred 55%. 
The  turbine  inlet  temperature  variation is short  and  well  within  acceptable 
limits. 
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The  overtemperature  transient  of 2220R at  the  turbine  inlet  when  changing 
power  could  be  reduced  by  utilizing  a  droop  type  differential  pressure 
regulator.  Such  a  characteristic  was  incorporated  into  the  analog  program 
and it eliminated  any  overtemperature  condition.  The  pulse  modulated 
system  also  accomodates  to  step  power  demand  within  totally  acceptable 
limits  (Fig. 57). It should  also  be  noted  that  while  combustor  flowrate 
pulses,  the  propellant  flowrate  (e.g., 02) modulates  with  only  small 
oscillations.  This  results  because  accumulators  are  used  downstream of the 
pressure  equalizer. 
A transient  condition  due  to  a  severe  oxidizer  supply  pressure  variation of 
200 psi/sec  was  also  investigated.  Turbine  inlet  temperature  changed  by 
15R for  the  pressure  modulated  system,  and  by 60R for  pulse-width  modulation. 
Both  excursions  are  felt  to  be  acceptable. 
A closed  loop  turbine  inlet  temperature  control  was  incorporated  in  the 
APU with  pressure  modulated  power  control. This control  loop  senses a 
deviation  in  turbine  inlet  temperature  from  a  "set"  value  and  modifies  the 
differential  pressure  regulator  reference  to  change  TPU GO inlet  pressure 
and  thus  alter  mixture  ratio.  The  effect  of  this  control  was  to  reduce 
turbine  inlet  temperature  excursions  during  the  power  transients  to +65 
and -45R. Startup  and  shutdown  transients  have  not ye  been investigated 
on the  analog  model. 
2 
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Hydraulic  and  lube  oil  cooling  loads f up  to 28.2 hp  at 25% TPU  power 
level  and 56.4 hp  at  100%  TPU  power  level  were  satisfactorily  accomodated 
over  the  Flight  Operational  Envelope.  In  addition,  a  nearly  constant 
sink  temperature  C+lOR)  for  the  hydraulic  and  lube  oil  coolers  was 
maintained  over  the  operating  conditions  described  above.  This  was  made 
possible  by  the  controlled  TPU  inlet  temperature,T , and  the  fact  that 
only  small  variation  existed  in  hydrogen  temperature  drop  across  the  equalizer. 
H2 
Two types of APU  propellant  supply  systems  were  simulated:  supercritical 
storage of hydrogen  and  oxygen,  and  a  stored  gas  supply  system.  The 
steady  state  variations  in  propellant  conditions  associated  with  each 
supply  system  were  accomodated by the  propellant  conditioning  system,  and 
turbine  inlet  temperature  was  maintained  within  an  acceptable  range  of 
- +60R. 
During  constant  power  operation  with  fixed  propellant  supply  conditions, 
a  pressure  modulated  APU  maintains  TPU  speed  at  both  25.and 100% power 
level.  Also,  turbine  inlet  temperature  and  other  system  parameters 
remain  virtually  constant,  the  only  deviation  resulting  from  normal 
modulating  control  action.  Under  the  same  operating  conditions,  the  analog 
model  showed  that  the  APU  with  a  pulse  power  control  would  hold  the  critical 
parameters of TPU  speed  and  turbine  inlet  temperature  within  an  acceptable 
band.  The  deviation in turbine  inlet  temperature of 223R occurs  during  an 
llonll pulse  and  is  due  primarily  to  the  transient  variation  in  relative 
pressure  of  the GH and GO alternator  tanks  which  are  located  at  the TPU2 2 
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'! inlet. At 100% power  level,  a  small  downward  shift  in  mixture  ratio  has 
been  incorporated,  by  utilizing  a  differential  pressure  regulator  with 
standard  "droop"  characteristics.  The  extent of this  shift  is  controllable 
by  the  gain  built  into  the  regulator.  The  steady  state  regulator 
characteristics  can  be  described by the  relation 
X=K(P - P ) R G H2 O2 
where %= Regulator  valve  posgtion 
K =  G Regula  tor  gain 
= TPU GH inlet pressure 2 
P = TPU GO inlet pressure 2 
O2 
At  increased  power  level,  the  valve  position, %, increases,  and,  depending 
upon  the  value  of  the  gain, KG results  in  an  increased  deviation  in  TPU 
inlet  pressures,  causing  a  downward  shift  in  mixture  ratio.  This  operating 
characteristic i s  desirable  in  reducing  overtemperature  excursions  during 
power  transients. 
It has  been  concluded  that  satisfactory  steady  state  operating  characteristics 
was demonstrated  over  the  flight  operational  range  by  the  dynamic  analog 
of the  APU d t h  both  a  pressure-modulated  and  pulse-width  modulated  power 
control. 
1 2 5  
Operational  Analysis  Procedure 
An  operational  analysis  of  the  APU  system  was  conducted  using  an  analog 
computer  to  evaluate  steady  state  and  dynamic  performance.  The  analysis 
procedure  is  summarized  in  Fig. 58. 
Each of the  major  components  was  "mapped"  to  evaluate  such  parameters  as 
flowrate,  mixture  ratio,  pressures,  and  temperature  under  steady  state 
conditions  over  the  power-altitude  flight  profile.  In  addition  the  effect 
of  hydraulic  and  lubricating  oil  cooling  loads  and  APU  hydrogen  and  oxygen 
inlet  conditions  was  also  investigated. 
Steady  state  analysis  was  performed  with  the  APU  control  system  active 
to  evaluate  the  sensitivity  of  mixture  ratio  and  turbine  inlet  temperature to 
variations  in  propellant  inlet  conditions  and  errors  in  control  components. 
During  transient  studies,  the  sensitivity  of  the  system  to  attenuator  tank 
volumes  (for  the  pulse  power  control),  differential  pressure  regulator 
characteristics  (gain  and  response),  and  TPU  inertia  were  also  investigated. 
Conceptual  design  of  the  propellant  conditioning  and  power  controls  was 
performed  through  the  use  of  conventional  control  synthesis  techniques, 
however  control  optimization  was  not  carried  out  during  this  phase  of 
the  contract .
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Dynamic  performance of the APU was evaluated  during  simulated  operational 
conditions, e.g.,  large step  changes  in  power  demand,  and  variations  in 
hydraulic  and  lubricating  oil  cooling  loads  and  propellant  inlet  conditions 
to  the APU. 
Detailed  characteristics  of  the APU system  components  were  evaluated  at 
their  reference  design  condition  using  the  analog  computer.  For  example, 
a  distributed  parameter  analysis of the heat  exchangers  provided an  axial 
temperature  and  pressure  distribution f the  propellants  as  well  as  wall- 
temperature  gradients.  Using  the same basic  heat  transfer  and  momentum 
relatives,  one  and two node  lumped-parameter  dynamic  equations  were  written 
for  the  heat  exchanger  and  mechanized on the  analog  model.  Similarly f o r  
the  turbine,  detailed  off-design  characteristics  were  computed  as  a  function 
of inlet  and  exit  pressure  levels,  turbine  inlet  temperature,  and  speed. 
These  characteristics  were  duplicated on dialed  function  generators  for  use 
with the  analog  model. 
Controlvalves  were sized  and  simulated  based upon  compressible  flow  relations 
with  an  assumed  linear  area-travel  relation.  Since  no  detailed  component 
designs  existed,  reasonable  response  characteristics  were assumed.  Controllers 
were  either of the  Type  zero  (proportional)  or  Type I (proportional  plus 
integral). 
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t Development of  General   Equations i' 
The APU system is divided into "sect ions"  and ? 'nodes"  as dep ic t ed  in  F ig .  59 .  
The c i r c l e d  numbers i n  F i g .  59 i n d i c a t e  node l o c a t i o n s  where the  equa t ion  
of state and c o n t i n u i t y  r e l a t i o n s  are used t o  calculatc propel lan? pressure 
and  tempera ture ,  account ing  for  f lu id  capac i tance  effects. The unc i rc led  
numbers r ep resen t  s ec t ions  between t h e  nades where thermodynamic and 
momentum r e l a t i o n s  are employed t o  c a l c u l a t e  h e a t  t r a n s f e r  rates, wall. 
t empera tu res , f r i c t ion  losses a n d  f l u i d  i n e r t i a  effects. 
A summary of  the  genera l  equat ions  used  i n  t h e  model i s  shown i n  Fig. 60. 
I n  each model " s e c t i o n , "  h e a t  t r a n s f e r  r e l a t i o n s  are ca l cu la t ed  as fol lows 
where applicable:  
hA = product of h e a t  t r a n s f e r  
c o e f f i c i e n t  and area 
(Btu/sec R I  
Re = Reynolds number 
P r  Prandl  number 
q = heat   f lux,   (Btu/sec)  
Ti = average wall temp. i n  
ith Sect ion ,  (OR) 
W 
Ti = Avg. propel lan t  bu lk  
temp. i n  ith Sect ion  (OR) 
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ATi= - 
Cpi 
(CpW) product of wall 
specif ic  heat  and weight  
(Btu/OR) 
T i  = propel lant .   emperature  
change i n  ith Sect ion ,  
( O R )  
Cp = p r o p e l l a n t   s p e c i f i c   h e a t ,  
(Btu/R-l.b) 
ril = mass f lowra te   th rough 
ith Sect ion  ( lb / sec)  
Momentum r e l a t i o n s  i n  e a c h  o f  t h e  model s e c t i o n s  are ca l cu la t ed  as follows 
where app l i cab le .  
fT = f d  + . fc  
pi 
L 
g 
fT 
Ek 
f d  
f C  
P 
= = pres su re  d rop  in  i 
Sec t ion ,   (p s i )  
t h  
= Length of Section, ( in) 
= a c c e l e r a t i o n  o f  g r a v i t y  
( lb / in  3 ) 
2 t o t a l   f r i c t i o n   f a c t o r  
= " 2  
2 g  
= f r i c t i o n  d r a g ,  a func t ion  
of Re 
2 cont rac t ion ,   expans ion  
and. t u rn ing  loss. 
prope l l an t  dens i ty  ( lb / in  ) 3 
= propellant velocity 
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ff 
' i  A t  t h e  Ifnodelf l oca t ions   t he   fo l lowing   con t inu i ty   r e l a t ions   app ly :  
" 
dP - '6 RT 
d t  V (ml + h2 . m3) P = pres su re  a t  t h e  node, ( p s i a )  
\? = r a t i o  of s p e c i f i c  h e a t  of 
t he  p rope l l an t  
R = propel lan t  gas  cons tan t ,  
(in/"R) 
V volume occupied by p rope l l an t  
I n  a d d i t i o n  t o  t h e  above  re la t ions ,  tu rb ine  and  pump performance maps are 
u t i l i z e d  t o  d e s c r i b e  o f f - d e s i g n  and t r a n s i e n t  c h a r a c t e r i s t i c s .  System l i n e s ,  
duc t ing  and valves were s i zed  and  incorpora ted  in  the  ana log  model as shown 
i n  Fig.  61. 
The model was mechanized on an AD256 Computer u t i l i z i n g  t h e  f o l l o w i n g  e q u i p -  
ment : 
1LO a m p l i f i e r s  
52  mul t ip l i e r s  
I n  a d d i t i o n ,  t h r e e  f u n c t i o n  g e n e r a t o r s  and d i g i t a l  l o g i c  equipment was used. 
A PDP-8 d i g i t a l  computer is " t i e d  i n v 1  t o  t h e  a n a l o g  AD256 t o  perform automatic 
set-up and read-out  funct ions.  
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" Steady ~ ~ Statexerfo-ance  and  Component  Mapping 
The  analog  model  was  first  used  to  determine  steady  state  system  parameter 
variations  over  a  Power-Altitutde  flight  profile  matrix  utilizing  an  APU  with 
a  pressure  modulated  control.  The  pulse  control  was  evaluated  later  during 
transient  analysis  studies. 
The  bipropellant  conditioning  system  is  applicable  to  both  a  pressure 
modulated  and  pulse  power  control,  with,  at  most,  some  minor  differences 
in  the  two  systems.  While  the  efficiency  of  the TPU design  is  highly 
dependent  upon  the  type of power  control  with  regard  to  selected  design 
pressure,  ratio,  power  level,  tip  speed,  turbine  inlet  temperature,  etc., 
the  operational  characteristics  are  not. A discussion of the  TPU  design 
details  and  optimization  for  each  of  several  different  system  concepts  is 
presented  elsewhere  in  this  report.  For  use  with  the  analog  model,  a  single 
turbine  design,  optimized  for  a  pulse-power  control,  was  mechanized  and  used 
also  with  the  pressure  modulated  power  control.  Because  the  objective o f  
the  analog  model  was  to  evaluate  operational  characteristics  rather  than  to 
make  a  comparison  of SPC, this  was  considered  a  reasonable  approach. 
Utilizing  a  pressure  modulated  control,  with  a  supercritical  propellant 
storage  system,  the  major  parameters  of  the APU were  evaluated  at 100% 
power  level  and  are  shown  in  Figs. 62 and 63 for  both  zero  and  a 39.8 Btu/sec 
hydraulic/lube  oil  cooling  load.  Ambient  pressure  is 10 psia. 
135 
L 
X =  
TW 
TW 
T = 1371 
P = 10.9 
APU SYSTEM PERFORMANCE 
..I 
I. 
.I.- 
ALL TEMPERATURE 
PRESSURE, PSlA 
LB/SEC 
BTU/SEC 
I.-. 
APU SYSTEM PERFORMANCE 
100 % POWER LWEl 
X =  
TW 
T 
W 
M =  
T =  
P =  
I 
ALL  TEMPERATURES O R  
PRESSURE, P S l A  
LB/SEC 
BTU/SEC 
' PRESSURE MODULATED 
.-.1.1.-.1.1.1.1 
PROPELLANT 
C O N D I T I O N I N G  
SYSTEM 
d 
I -.-.-.-.-.-.-.-. 
TURBOPOWER 
LP/HP-HR 
Figures 64 and 65 show the  same  system  at  25%  power  level  with  zero  and  a 
19.9  Btulsec  hydraulicllube  oil  working  load. 
Turbine  performance  over  the  power  altitude  flight.  profile  is  illustrated 
in  Fig. 66. There  is no degradation  in  SPC  (constznt  at  2.05  lb/hp-hr)  over 
the  power  range  at  an  ambient  pressure  of 0 psia. At 25%  power, SPC is 
degraded  when  the  ambient  pressure (P ) exceeds  2.6  psia. At 100% power a 
level  SPC  degradation  occurs  for P >lO.l psia.  Compared with the  SPC  at 
0 psia  ambient  pressure,  a 26.7% degradation  occurs  at  25%  power  and  10  psia 
ambient. At P =O psia,  a  pressure  ratio  of  51.3  is  established  across 
the  turbine  by  sizing  of  the  exit  nozzle.  This  pressure  ratio  remains 
constant  independent of power  level  as  a  result of the  choked  exit  nozzle. 
At high  ambient  pressures,  turbine  pressure  ratio  drops  below  the  design 
level,  and  results  in  the  SPC  degradation. 
a 
a 
Turbine  exit  temperature  is  constant  at  1367 R independent  of  power  level 
for  Pa=O.  When  performance  is  degraded,  turbine  exit  temperature  increases, 
reaching  a  maximum  of 1567 R at  sea  level  and 25% power  level. 
Performance  of  the H /O equalizer  is  illustrated  in  Fig. 67. Total  heat 
flux  rates  are  linear  with  power  level  at P -0 psia,  reflecting  a  constant 
SPC. The  average  wall  temperature  varies  slightly ( < 1 0 R )  over  the  power- 
altitude  flight  profile.  Hydrogen  temperature  level  is  controlled  to  500R 
2 2  
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Figure 67 
at  the APU inlet  by  the  regenerator  by-pass  control.  The H 2 / 0 2  equalizer 
maintains  an  oxidizer-hydrogen  temperature  differential  of  approximately 
- +21R between 100% and 25% power  level.  The  hydrogen  temperature  drop 
across  the  equalizer  is  very  small  (a  maximum  of 39 R at 25% power  and  P = 0 
psia)  while  providing  an  oxidizer  temperature  rise  of 322 R. 
a 
Performance  of  the  regenerator  is  described  in  Fig. 68 at 25% power  level 
with  hydraulic  and  lube  oil  cooling  load  varied  from 0 t  40 hp. As the 
cooling  load  increases  from  zero  to 28 hp, the  fractional  bypass  flow 
increases  from 51% to 81% in  order to  maintain  a  controlled 500 R TPU 
inlet  temperature.  Total  heat  flux  in  the  regenerator  reduces  from 4 2  Btu/sec 
to 22 Btu/sec  as  a  result  of  the  downstream  heat  addition,  and  the  mixed H
outlet  temperature  decreases  from 540 R to 295 R. The  hydrogen  discharge 
2 
temperature  from  the  regenerator,  prior  to  mixing  is  increased  from  1070 R 
to 1350 R due  to  the  severe  reduction  in  throughflsw.  At  zero  cooling  load 
the  maximum  TPU  hydrogen  inlet  temperature  achievable  with  zero  regenerator 
bypass  flow  was 660 R. The  heat  flux  to  the  equalizer  under  these  conditions 
increases  (to  raise  oxidizer  temperature  from 200 R to 695 R ) ,  resulting  in 
a  mixed  regenerator  outlet  temperature  of  712 R. 
The  regenerator  design  has  a  strong  effect  on  freezeup  in  this  unit.  The 
results of the  analog  simulation  study  indicated  that  parallel  flow  should 
be  used  in  the  regenerator  to  ensure  wall  temperatures  high  enough  to 
prevent  freezing on the  exhaust  gas  side  of  the  heat  exchanger.  The  wall 
temperature  shown in Fig. 69 is  that  corresponding  to  maximum  hydrogen 
regenerator  flow  (minimum  bypass  and  most  severe  freezing  condition)  and  it 
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is  w e l l  above the condensation l i m i t  f o r  t he  ho t  exhaus t  gas .  A s  bypass 
flow i s  inc reased ,  t he  w a l l  temperature rises because of lesser regenera t ion ,  
and  condensation w i l l  always  be  avoided. The ana log  r e su l t s  fo r  coun te r f l cw 
are shown i n  F i g ,  70 f o r  t h e  25% power level and a t  zero and 28 hp cool ing/  
l u b e  o i l  c o o l i n g  l o a d s ,  and i n  F i g .  7 1  f o r  t h e  100% power l e v e l  and a t  zero 
and 56.4 hp cool ing/ lube   o i l   cool ing   loads .   In   bo th   cases ,   t empera tures  
throughout  the  regenera tor  increase  subs tan t ia l ly  wi th  increased  cool ing  
load  because  of  reduced  throughflow. Due to   the   na ture   o f   the   counter f low 
des ign ,  wall temperature  can  drop  below  the  condensation l i m i t .  This i s  
unacceptable because i t  c a n  r e s u l t  i n  a f reez ing  condi t ion  of the exhaust  
gas  condensate on the  tube walls. The use  of  a counter f low uni t ,  therefore ,  
r equ i r e s  a preheater  located ahead of  the regenerator  to  e l iminate  the 
f reez ing  hazard .  Use of a pa ra l l e l - f low des ign  i s  ev iden t ly  to  be  p re fe r r ed .  
Closed Loop Turbine  Inlet   Temperature  Control.  A s  a r e su l t  o f  va ry ing  
requirements  over  the power a l t i t u d e  f l i g h t  p r o f i l e ,  t h e  TPU in l e t  t empera tu re  
o f  t he  ox id ize r  may vary  by approximately 40 R. T h i s  r e s u l t s  i n  a change 
i n  o x i d i z e r  f l o w r a t e  due t o  a d e n s i t y  v a r i a t i o n .  To compensate f o r  t h e  
e f f e c t  on mix tu re  r a t io ,  a c losed- loop  twin  cont ro l  of  the  d i f fe ren t ia l  
p r e s s u r e  r e g u l a t o r  may be  used.  This is  accomplished  by  sensing  turbine 
in l e t   t empera tu re ,  and  comparing t h e  s i g n a l  t o  a re ference   va lue .  Any 
e x i s t i n g  e r r o r  i s  used  to  t r i m  t h e  d i f f e r e n t i a l  p r e s s u r e  r e g u l a t o r  v a r y i n g  
ox id ize r  TPU i n l e t  p r e s s u r e  and the reby   e l imina t ing   t he   e r ro r .  Trimming 
of  the regulator  could be mechanized by a va r i ab le  b l eed  o f  t he  GH r e fe rence  
p r e s s u r e  i n  o r d e r  t o  e f f e c t  a change i n  c o n t r o l l e d  o x i d i z e r  TPU i n l e t  p r e s s u r e ,  
2 
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Steady-state  performance  of  the  TPU  utilizing  closed-loop  turbine  inlet 
temperature  control is illustrated  in  Fig. 72. The required  amount  of  trim 
control, i.e.,  the H /O differential  TPU  inlet  pressure  has  to  be  varied 
by 9 psi  in  order  to  affect  the  variation in oxidizer  TPU  inlet  temperature, 
2 2  
and  maintain  a  constant  turbine  inlet  temperature  of 2005 R over  the  flight 
operational  envelope. It is important  to  note  here  that  a  continuous  closed 
loop turbine  inlet  temperature  control  is not necessary  with  this  APU  system. 
The 40 R variation in oxidizer  TPU  inlet  temperature  which  occurs  over  the 
power  profile  is  not  severe.  If  a  mixture  ratio  correction  is  required, 
however,  it  could  be  accomplished  by  utilizing  the  droop  characteristic 
of  the  differential  pressure  regulator  to  lower H /O differential TPU inlet 
pressure  as  a  function  of  power  level. 
2 2  
Effect of Oxidizer  Supply  Temperature  Variation - A nominal  APU  oxidizer 
inlet  temperature  of 200 R results  in  a  TPU  inlet  temperature  of 522 R ,  
or 22 R higher  than  the  controlled  hydrogen  temperature of 500 R. This  is 
due  to  the  nature  of  the  counterflow  equalizer  design.  When  oxidizer  inlet 
temperature  is  increased  to 500 R,  the  equalizer  heat  flux  rate  is  reduced 
nearly  to  zero.  This  results  in  a  reduction i;l hydrogen  inlet  temperature 
to  the  equalizer  and  a  corresponding  increase  in  regenerator  by-pass  flow, 
as  illustrated in Fig. 73. 
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Sensitivity  Analysis 
A steady-state  sensitivity  analysis  was  performed  with  the  APU  control 
system  active  in  order  to  evaluate  the  sensitivity  of  mixture  ratio 
and  turbine  inlet  temperature  to  variations  in  propellant  inlet  conditions 
as  well  as  to  errors  in  control  components.  This  analysis  was  performed 
with  a  pressure  modulated  power  control  and  the  results  are  shown  in Fig. 74. 
Differential  Pressure  Regulator  Error. A steady  state  error  in  the  differential 
pressure  regulator  was  simulated  on  the  analog  model.  The  sensitivity of 
mixture  ratio  was  approximately  1.0,  i.e.,  a 1.0 percent  change  in  TPU 
oxidizer  inlet  pressure  resulted  in  a 1.0 percent  change  in  mixture  ratio. 
The  resultant  turbine  inlet  temperature  sensitivity  was 0.8. This sensitivity 
of  mixture  ratio  to  errors  in H /O differential  pressure  can  be  substantially 
reduced  by  incorporating  choked  nozzles  just  upstream  of  the  combustor 
injectors.  The  effect  of  these  choked  nozzles  is  twofold:  first  it  reduces 
the  sensitivity  of  flowrate  to  pressure  deviations  because  flow  is  proportional 
to  TPU  inlet  pressure  rather  than  a  relatively  small  differential  pressure 
between  the  TPU  inlet  and  the  combustion  chamber;  secondly,  the  nozzles 
tend  to  isolate  the  oxidizer  and  hydrogen  propellants  from  one  another,  which 
reduces  mixture  ratio  excursions. 
2 2  
Oxidizer  Supply  Temperature  Variation. A 300 R  increase  in  oxidizer  supply 
temperature  resulted  in  a 23 R  reduction  in  TPU  inlet  temperature,  and  a 
corresponding  increase  in  oxidizer  flow  rate  producing  a 2.3% mixture  ratio 
increase  and  1.1%  increase  in  turbine  inlet  temperature.  This  characteristic 
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is  quite  dependent  upon  the  -equalizer  design.  There  is  some  evidence  that 
a  parallel  flod  equalizer  would  result  in  less  sensitivity  to  APU  oxidizer 
supply  temperature  variations. 
Regenerator  By-Pass  Control  Error.  Simulating  a  regenerator  by-pass  control 
steady  state  drift,  hydrogen  TPU  inlet  temperature  was  varied  210%.  Oxidizer 
inlet  temperature  varied  virtually  the  same  percentage  resulting  in  a 
constant  mixture  ratio.  Turbine  inlet  temperature  rose 44 R due  to  the 
increased  TPU  inlet  propellant  temperatures. 
TPU  Throttle  Valve  Area  Deviation.  A 5% deviation  in  the  TPU  throttle  valve 
areas  was  simulated,  and  resulted  in  a 5% error  in  mixture  ratio,  and  a 7 3  R 
variation  in  turbine  inlet  temperature  as shown in.Fig. 7 4 .  
Combined  Probable Max&nuu_Control Errors.  Probable  errors  were  assigned  to 
each  of  the  control  components  in  a  manner  which  would  be  additive  with 
respect  to  an  Increase  in  turbine  inlet  temperature.  This  resulted  in  a 
3.1% mixture  ratio  increase  and 69 R  increase  in  turbine  inlet  temperature. 
Dynamic  Performance 
Stability  Characteristics. - - .. - " - - Tne  variable  displacement  hydraulic  pump  with 
its  associated  control  system,  maintains  a  constant  hydraulic  discharge  pressure 
(within  its  "droop  characteristic")  independent of small  speed  variations. 
When  the  resistive  load  is  constant,  a  constant  discharge  pressure  implies 
constant  hydraulic  power hdependent of small  speed  variations.  This 
characterisitic  is  peculiar  to  the  type of hydraulic  pump  control  used  here. 
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The torque load in  the APU i s  then a hyperbolic function of speed as shown 
i n  Fig. 75. The del ivered turbine torque is approximately l inear with a 
negat ive s lope in  the design region.  Under s teady state condi t ions a t  the  
design speed, the torques are matched.  Speed excursions  around  the  design 
speed w i l l  occur. As  ind ica ted  by  Fig. 75, a small increase  (decrease)  in  
TPU speed would r e s u l t  i n  a continued increase (decrease) in speed due t o  
the nature  of  the torque funct ions.  This  implies  that  loss  of  the closed 
loop speed control would r e s u l t  i n  a severe change i n  TPU speed, and would 
n e c e s s i t a t e  some emergency con t ro l  ac t ion  to  p reven t  damage. 
The system i s  therefore  dependent ,  for  s table  operat ion on the speed 
control.  Should the speed control become inopera t ive ,  a resul t ing overspeed 
o r  underspeed condition would s igna l  an  emergency shutdown of the  APU. 
Preliminary  Control  System Design. Standard  synthesis  techniques  were 
employed to  e s t ab l i sh  p re l imina ry  con t ro l  des ign  cha rac t e r i s t i c s  fo r  t he  
APU system. Control characterist ics,  as used  with a pre'ssure  modulated 
power control  system, are shown i n  Fig. 76. A l l  th ree  cont ro l  loops  a re  
a "Type 1" o r  i n t e g r a t i n g  c o n t r o l  which implies a ze ro  s t eady  s t a t e  e r ro r .  
The in t eg ra t ing  rate of  the pressure regulator  i s  2.5%/sec/psi;  the 
regenerator  bypass valve i s  0.25%/sec/R and the powe'r control  valve i s  0.004%/ 
sec/rpm. Control characterist ics as used with a pulse  power control system 
are sham  in   F ig .  77. The regenerator   bypass   control  i s  unchanged. The 
power cont ro l  i s  an on-off type operated within a speed band of +4.0%; the  
p re s su re  r egu la to r  i n t eg ra t ing  rate i s  reduced to 0.6%/sec/psi; and the 
regenerator  bypass  valve control ler  i s  unchanged. 
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Transient  Reponse  of  APU.  The  transient  response  of  the  APU  system  was 
evaluated  through  use  of  the  analog  model.  The  ability  of  the  system  to 
accommodate  power  demand  steps,  hydraulic  and  lube  oil  cooling  load  changes, 
and  propellant  inlet  condition  changes  was  investigated. Two power  control 
concepts  were  evaluated:  a  pressure  modulated  control,  and  a  pulse  control. 
PRESSURE MODULATED POWER  CONTROL.  The  pressure  modulated  power  control  as 
shown  in  Fig. 76 throttles  TPU  inlet  pressure  to  the  turbine  in  order  to 
match  turbine  power  against  the  load  and  thereby  maintain  constant  speed. 
This  is  accomplished  by  a  closed  loop  speed  control  in  which  any  deviation 
from  a  reference  speed  is  converted  to an error  signal  which  passes  through 
a  controller  whose  output  modulates  a  mechanically  lined  throttle  valve. 
Response  of  the  system  to  a 235 second  duration  power  pulse  is  demonstrated 
in  Fig. 78. Power  demand was stepped  up  from 25 percent  (56.4  hp)  to 100 
percent (225.5 hp)  and  after 2% seconds  stepped  back  down.  The  entire  APU 
control  system  is  shown  in  Fig.  76.  The  TPU  moment  of  inertia  was  0.0143 
lb-ft-sec  which  includes  all  rotating  components  of  the  TPU,  referenced 
to  turbine  speed.  The  differential  pressure  regulatar  was  set  to  provide  a 
nominal  turbine  inlet  temperature  of 2005 R  at 25% power  level.  This  required 
an H2/02 differential  pressure  setting  of -7 psi,  due to  the  deviation  in 
TPU inlet  propellant  temperatures.  Supercritical  storage  propellant  inlet 
conditions  to  the  APU  were  nominally 396 psia/43.4  R  for  the  hydrogen  and 
781 psia/200  R  for  the  oxidizer.  Following  the  power  step  increase,  TPU 
speed  dropped 4.2% and  did  not  completely  rec0ve.r  to 60,000 rpm  by  the  end 
of the  step  change.  This is due  to  the  short  duration of the  pulse  compared 
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I to  the  dynamics  of  the  speed  controller  and  'the TPU inertia.  The  turbine 
throttle  valve  opened  from  approximately 9 to 48% to  accommodate  the  power 
increase.  The  first  order  time  constant  of  the  system  with  respect  to 
power  demand  is  approximately 0.35 seconds,  based  upon  the  rise  rate  of 
turbine  inlet  pressure.  Mixture  ratio,  following  the  step  down to 25%, 
increased  to  a.maxilslum  of  1.0,  resulting  a turbine  inlet  temperature 
rise  of 220 R. The  mixture  ratio  increase  results  from  the  relatively  slow 
response of the  differential  pressure  regulator,  which  allowed  a 40 psi  error 
in TPU oxidizer  inlet  pressure. At the  high  power  level, TPU oxidizer  inlet 
temperature  reduces  to  a  steady  state  level  of  approximately 475 R. The 
transient  response  of  the  system  as  described  above  is  strongly  dependent 
upon  the  control  system  design,  Fig. 76. Both the turbine  inlet  temperature 
overshoot  and  transient  speed  error  which  resulted  from  the  power  pulse 
could  probably  be  improved  through  optimization of the  control  design. 
The  effect  of  reduced TPU inertia  was  evaluated  and  is  illustrated  in  Fig. 79 .  
A 3 second  duration  power  pulse  was  imposed  on  the TPU which  had 25% of the 
inertia  used  for  Run 11134, Fig. 78. The  speed  error  increased  from 4.2 to 
6.3%. This  resulted  in  more  rapid TPU throttle  value  actuation  which,  in 
turn,  caused  larger  transient  differential  pressure  errors  at  the TPU inlet. 
Hence  mixture  ratio  and  turbine  inlet  temperature  errors  were  increased. As 
in  the  previous  run,  the  transient  response  can  be  improved  with  control 
system  optimization. However, the  speed  was  able  to  recover to 60,000 rpm. 
161 
3 SECOND DURATION MAXIMUM POWER PULSE - PRESSURE  MODULATED POWER CONTROL 
( DECREASED TPU INERTIA 
100 - . : -: . . .  :..\. :.: ... ::.. . . . . . . .  1. . . . . . . . . . . . . .  
. -.  . . . . .  , . . . . . . . . . . . . . .  ... . .  
s o  
P R E S S .  R E G .  
V A L V E   P O S I T I O N  
1 % )  
TPU. o2  
I N L E T   P R E S S .  
I P S I A  I 
T P U  H 2  
I P S  IAI 
I N L E I   P Q E S S .  MIXTURE R A T I O  
T U R E I N E   I N L E T  
T E M P  
I R I  
.+ . : ,  . . . .  I - . .  o " ~ . ; . ~ l  : . ~  ...,. ? .  _ .  . . .  - .  . . .  . _  ... . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  800 -.., , ..... .._. . .  ..! . :.:.I: . .  I...:'. .. 400 
2 0 0  
. . . . . . . . . . . . . .  I . . . . . . . . .  
.............. . . . . . . . . . . .  
.- ., . . . . . . . . . . . . . . . . . . . . . .  T P U  o2 . . - 
I N L E T   T E M P .  400 ' ' .  
. . . . . . . .  -. ........ 4 . .  . . . . . . .  . :  ...... - ~ ,  J . 4  ~. I R I  ...... . . . . . . . . . . . . . . .  
-" . ...... . . . . . . . . . . . . . . . . . . . . . .  , - . . . . . . . . . . . . . . . . . . . . .  . 8 . 1  ....... , . . . . . . . .  Boo  ": .: : ~ . : . : : : . . . . . . . . . . . . . .  
.............. : . . * . . .  . . .  I. 1 : : :  . . . . . . . . . . .  
T P U  H2 . . . . .  . . . . .  . . . . . . . . . .  
I N L E T   T E M P .  4 0 0  ' ' ' 1 ' ' ' ' ' 
* . . . . . .  
.i , . . . . . . .  - . . . . . . . . . . . . .  
, . . . . . . . .  1 . . . . . . . . . . .  
I R I  ., . .  . . .  , . . . . . . . . . . . .  
o _ ;  . : . . : . . . . . . .  . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . .  
2 0 - :  
. .  
I 
, . . .  . : : I . : ' ' .  : . . . . . :  . . . .  . . . . . . . .  E X H A U S T  D U C T  
E X I T  P R E S S U R E  10 
I .  
. I "  
. .  . . .  . . . . . .  
I P S I A  I 
, 
! .  . . . . . .  I . . . . . . . . .  
. . , . . . . . . I .  . . . . . . . . .  . . . . . . . .  , . . . . . .  . .  0 -  . . , .  . ! Y  : .  ' " . . . . . . . . . . . . . . . . . .  
5 P C  
! A M B I E N T   P R E S S  
I P S I A  I 
r!- 
TIME - S E C O N D S  
fJ 
1; The  effect  of an increase  in TPU inertia  is  illustrated  in  Fig. 80. The 
addition of a  flywheel  can  be  used to reduce  both  speed  and  turbine  inlet 
temperature  errors  during  a  power  pulse.  Doubling  the TPU inertia  reduced 
the  speed  error  to 3.3% and  the  temperature  error  to  155 R (compared  with 
220 R for  Run t134). 
The  addition  of  various  size  accumulators  in  the  oxidizer  lines  at  the  TPU 
inlet was also  Simulated  in  an  attempt  to  minimize  the  oxidizer  pressure 
spike  and  hence  reduce  mixture  ratio  error  during  the  power  transient. 
The  additional  fluid  capacitance  worsened  the  system  response  by  extending 
the  duration of the  mixture  ratio  error  following  the  power  step,  without 
reducing  its  amplitude. 
A closed  loop  turbine  inlet  temperature  control  was  simulated  to  evaluate 
operational  characteristics  during  power  transients.  The  control  concept, 
shown  in  Fig. 81, incorporated  a  fixed  bias  to  the  differential  pressure 
regulator  with  a  gain of 0.5 psi  oxidizer  pressure  reduction  per  degree  increase 
in  turbine  inlet  temperature.  System  response  to  an 8 second  duration 
power  pulse  is  illustrated  in  Fig.  82.  Peak  turbine  inlet  temperature 
excursion  during  the  power  step  decrease  was  held  to 45 R, compared  with 
the 220 R  temperature  excursion  shown  in  Fig. 78. 
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Figure 82 
Response  of  the  system  to  a  rapid  change  in  hydraulic/lube  oil  cooling  load 
(as  might  occur  following  a  startup)  was  also  demonstrated  with  the analog 
model. A cooling  load  increase  of  approximately 6 hp/sec  was  introduced. 
m e  regenerator  bypass  valve  opened  from  approximately  51  to 77% a c c d a t e  
the  increased  heat  flux  and  there  was  virtually  no  error  in  either  design 
speed,  mixture  ratio  or  turbine  inlet  temperature  during  the  transient. 
Response  of  the  system  to  a  simulated APU oxidizer  supply  pressure  increase 
sf 200 psi/sec  resulted  in  a  minor  increase of 15  R  in  turbine  inlet 
temperature,  as  the  differential  pressure  regulator  closed  to  maintain TPU 
oxidizer  inlet  pressure  nearly  constant  during  the  transient. 
PULSE  POWER  CONTROL.  The  pulse  control,  as  shown  in  Fig. 77, pulses  TPU 
inlet  pressures  to  the  turbine  in  order  to  provide  turbine  power  at  a  fixed 
level  and  at  varying  duration,  thereby  maintaining  speed  within  a  pre- 
determined  band.  This  is  accomplished  by  a  closed  loop  speed  control  which 
signals  an I'on" pulse,  opening  the  power  control  valve,  when TPU speed 
reduces  below  the  lower  band  limit;  and  signals  an  "off"  pulse,  closing  the 
valve,  when  TPU  speed  increases  to  the  upper  band  limit. Two electronic 
capacitors  and  a  flip-  flop  are  used  to  generate  the  control  "on-off"  logic. 
The  valve  is  mechanically  linked,  providing  a  constant  area  ratio  during 
the  "on1'  pulse.  The  differential  pressure  regulator  integrating  rate 
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was set at 0,6%/sec/psi for the  pulse  power  control.  An  attempt  was  made 
to "match" the dynamics  of  the  regulator  and  the  size  of  the  hydrogen  and 
crridizer  accumulators  to  achieve  nearly  constant  mixture  ratio  pulses .=t 
both 25 and 100% power  level,  while  also  accommodating  maximum  power  step 
-ds. The  regenerator  bypass  control  was  the  same  as  used  €or  the  pressure 
rodulated system. A speed  band  of 54.0% was used  for  the on-off TPU throttle 
valve actuation.  Supercritical  storage  propellant  inlet  conditions  to  the 
BmTwere 396 psia/43.4  R  for  the  hydrogen  and 781  psia/200  R  for  the  oxidize?. 
TPU inertia  was  0.0143  lb-ft-sec . 2 
Dynamic  characteristics of the  system  under  Gonstant  power  operation  is 
demonstrated  in Fig. 83 (Run  f171).  The  differential  pressure  regulator  was 
set to  provide 2005 R turbine  inlet  temperature  pulses  during  the 25% 
constant  power  operation.  During  a  pulse,  the  turbine  inlet  temperature 
variation  was 75 R  which  resulted  primarily  from  a  mixture  ratio  variation 
between 0.82 and 0.87. Matching  of  the  hydrogen  and  oxidizer  accumulator 
si2e.s  achieves  approximately  equal  amplitude  oscillations  of  the TPU inlet 
propellant  pressures so as to  minimize  the  mixture  ratio  variation.  The 
dynamics  of  the  pressure  regulator  are  set  to  minimize  valve  oscillations 
(8.0% variation  during a cycle)  and  oxidizer  flow  oscillations  in  the 
equalizer.  The  spikes  in  hydrogen  and  oxidizer TPU flowrate at the  start 
of an "on"  pulse  are  due  to  the low initial  chamber  pressure--use  of  choking 
venturi  flow  passage in the  valve  body  could  be  used  to  prevent  these 
spikes  if  they  are  Zound  to  be  detrimental. 
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Figure 83 
Hydrogen flmate upstream of the TPU as  well  as  gaseous  flow  in  the  exhaust 
dact pulsed in phase with the TPU throttle  valve.  The  capacitance  of  the 
5 f t  long  exhaust  duct  was  not  large  enough  to  smooth  out  the  flow. 
When the  system was subjected  to  changes  in  the  power  level  from 25 to  loox, 
turbine  inlet  temperature  excursions  proved  to  be  unacceptable. A modified 
regulator  design  was,  therefore,  incorporated  in  the  analog  model  (which 
also  was  modified  to  simulate  a  stored  gas  supply  of  hydrogen  and  oxygen). 
The  regulator  is  a  conventional  proportional  gain  type  with  a  simple  lag,  i.e.: 
where X = Valve  position (%) 
E = H / O  pressure  error 
P 2 2  
K = Regulator  gain = 1.73%/psi 
g 
T = Lag  time  constant = 0.086/sec 
S = Laplace  transform  operator 
This  regulator  can  be  mechanized  with  a  diaphragm,  spring  and  snubber  orifice 
to  achieve  the  desired  response  lag. 
The  simulated  stored  gas  supply  system  has  nominal  hydrogen  inlet  conditions 
of 400  psia  regulated  pressure  at  100 R and  oxidizer  inlet  conditions  of 
600 psia  and 300 R. Accumulators  were  simulated  at  the TPU inlet  of 4 ft 
(18 lb) on the  hydrogen  and 0.25 ft3  on  the  oxygen  side. A 50 millisecond 
3 $:
time  lag  was  assumed  for  the  hydraulic  system  with  respect  to  power  demand 
transients on the TPU. 
* An accumulator  volume  of 1.0  ft was  included  in  system  weight  calculations 3 
to  provide  conditioned  gas  for  in-flight  restarts. 
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Response  of  this  system  to  maximum  power  demand  steps  is  illustrated 
in  Figure 84. The  variation  in  mixture  during  a  pulse  was  extremely 
small:  0.895  to  0.91  at  25%  power  and  0.76  to 0.79 at 100% power  level, 
with  the  exception  of  an  initial  50 ms small  amplitude  spike  which, as
previously  mentioned,  can  probably  be  eliminated  through  valve  design. 
Turbine  inlet  temperature  variation  during  an  "on"  pulse is also  very  small: 
25  R  at  25%  power  and  55 R 100% power  level.  Chamber  pressure  variation is 
8 psi  or 2.3% during  a 25% power  level,  which  results  in  a  230 R decrease 
in  the  nominal  turbine  inlet  temperature.  As  shown  in  Fig. 84, the  regulator 
opens  from  an  average  position  of  14.0%  to 40% when  power  steps  up  to  the 
100% level.  Due  to  the  regulator  gain  of  1.73%  psi,  this  results  in  a  15 
psi  differential  pressure  shiftin  the  direction  to  reduce  mixture  ratio. 
Response  of  the  system  to  a  rapid  change  in  oxidizer  supply  pressure  of 
200 psi/sec  was  evaluated. At 25%  power  level,  a 60 R increase  in  turbine 
inlet  temperature  accompanied  an  oxidizer  supply  pressure  increase.  This 
resulted  from  closure  of  the  regulator  and  the  associated  slight  increase 
in TPU oxygen  inlet  pressure. At 100% power  level,  the  condition w a s  
magnified,  however,  due  to  the 230 R  steady  state  downward  shift  in  turbine 
inlet  temperature,  no  over-temperature  condition  resulted. 
The  extent  of  the  downward  shift  in  turbine  inlet  temperature  can  be 
modified  by  adjustment  of  pressure  regulator  gain  and  possibly  modification 
of  the  equalizer  design.  The  temperature  decrease  is  inversely  proportional 
to  flowrate  and  results  in  desirable  operational  characteristics.  The 
performance  penalty  associated  with  the  decrease  in  turbine  inlet  temperature 
is minimal  and  represents a small  fraction of the  operating  time. 
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In  summary,  satisfactory APU performance  has  been  achieved  with  a  pulse 
power  control to  the extent  investigated  'on  this  study. 
Hybr'id Power  Control 
The  'pulse  power  control  system  maintains  a  constant  inlet  temperature  high 
pressure  ratio  condition  across the  turbine  at  all  power  demand  levels. 
Power  demands  are  matched  by  control of the  pulse width, rather  than  through 
modulation of turbine  inlet  pressure.  This  operating  characteristic 
minimizes  specific  propellant  consumption,  but  has  some  disadvantages: 
1. A large  number of thermal  cycles  is  required  by  the  combustor 
and  turbine  assembly 
2. The  amplitude  and  rate of change of alternator frequency may  be 
objectionable to  the vehicle  electrical  system 
3. The  reliable  life  of  a  high-response,  b<.prop:?llant  turbine o -off 
throttle  valve  must  be  demonstrated 
4. The  pulsing  nature of hydrogen  flow  in  the  propellant  conditioning 
system and  gaseous flow in  the  exhaust  duct  may  introduce  undesirable 
vibrations  throughout  the  system. 
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The  hybrid  system  was  conceived  in an attempt  to  approach  the  specific 
propellant  consumption  of  a  pulse  system  with  a  minimum  number  of  pulses 
or combustor  startup.  This  type  of  control  scheme  is  illustrated  in  Fig. 85
The  propellant  conditioning  system  supplies  propellant  at  the  controlled 
*pressure  and  temperature  level  to wo combustor  and  valve  assemblies on 
the TPU. Each  combustor  supplies  a  separate  set  of  nozzles  on  the  partial 
admission  turbine  assembly.  The  low  power  combustor  (sustainer)  is 
always  operative  and  modulates  turbine  inlet  pressure  to  accommodate  power 
demands  from  its  maximum  power  capability  down  to  the  minimum  required 
power  level  of  the  system.  The  maximum  power  capability  of  the  sustainer 
combustor  is  sized  based  on  the  system  power  profile. A tradeoff  exists 
to  size  the  sustainer  combustor  large  enough  to  minimize  startups  of  the 
high  power  combustor,  but  small  enough  to  prevent  severe  throttling 
penalties. When power  demands  exceed  the  sustainer  combustor  capability, 
the  large  combustor  is  fired and,  operating  on  either  a  pulse  or  pressure 
modulated  mode,  accommodates  the  high  power  demands. To achieve  added 
reliability,  the  large  combustor  would  be  designed  to  develop  maximum 
power  without  the  aid  of  the  sustaining  combustor. 
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APU STORABLE PROPELLANT STUDY 
OJ3JECTrVE 
The ob jec t ive  of t h i s  s t u d y  was t o  perform a t r a d e o f f  a n a l y s i s  t o  p e r m i t  
comparison t o  be made between a hydrogen-oxygen.auxiliarypropulsion u n i t  
(H2/02 APU) and an APU which  would o p e r a t e  w i t h  s t o r a b l e  p r o p e l l a n t s .  I n  
t h e  t r a d e o f f  s t u d y ,  t h e  following f a c t o r s  were u s e d  i n  t h e  e v a l u a t i o n :  
R e l i a b i l i t y  
Minimum Development Cost 
Minimum Development Risk 
Minimized Weight 
S ta te -of - the-ar t  Materi8lS 
Ex i s t ing  Technology 
E m g  Life 
The major  cons idera t ions  were 
P r o p e l l s n t  S e l e c t i o n  (monopropellan 
Igni t ion jDissoc ia t ion  Cont ro l  
Gas Temperature 
Carbon Formation 
Freezing Point  
Performance 
Optimization was done considering 
Tylpe of fue l  
Peak and part-load performance 
I t  V s  b i p o p e l l a n t  ) 
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Fuel weight 
, .  . D r y  weight 
. .  , . .  
. . '  . .  . T e k  ,weight . ' . . .  ... . . 
. ?  ... . . . .  
,:- . ., .Safety , ' 
. .  
' . . R e l i a b i l i t y  '. 
Life 
Development problems 
As a r e s u l t  of a comprehensive.study, a base l ine  system was evolved. 
Figure 86 shows t h e  resultg, with numbers a p p l i e d  t o  t h e  b o o s t e r .  The 
se lec t ion  of  , th i s  sys tem will be d iscussed  in  the  fo l lowing  sec t ions .  
PROPELLANT  SELECTION 
The :program plan makes the  choice  of t h e  p r o p e l l a n t  t o  b e  used one of t h e  
program object ives .  Both  monopropellant  and  btpropellant  storables are t o  
be considered., Figure 87 lists the con 's iderat ions,  ' l imi t a t ions ,  and design 
f a c t o r s  which must be taken into account.  
Because  one of the  fundamental  areas of this  program  was  to  determine  the  trade- 
off  between  development  cost/risk  and  ,performance  penalty,  the  most  developed 
propellants  were  considered. The evaluation  was  based  on  results of a  compre- 
hensive  study  for  rocket  propulsion  previously  performed  at  Rocketdyne.  Various 
propellants  were  reviewed with respect  to  performance  and  applicability. 
The group of p rope l l an t s  most developed and applicable t o  t h e  APU are 
hydrazine and .its blends. As shown i n  F i g .  8 8 ,  hydrazine is  highly developed 
and  shows a ' l o w  development r i s k .  However, it f r e e z e s  a t  3&.8F and will not 
be usable t o  - 6 9  as required unless spec ia l  p rovis ions  are made. The 
. I  
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I f r eez ing   po in t   can  ha depressed t o   t h e   d e s i r e d   l e v e l  by the   add i t ion   o f  
water. This  however lowers  performance  considerably.  Performance  can be 
ra i sed  (main ta in ing  low f reez ing  poin t )  by using one of t h e  t e r n a r y  mixtures 
(hydraz ine ,  hydraz ine  n i t ra te ,  water) o r  ,by us ing  a mixture with MMH. The 
MMH mixtures (e.g.., W - 3 ) ,  contain carbon which results i n  t h e  p r o b a b i l i t y  
t h a t  fouling will o c c u r  i n  t h e  t u r b i n e  p a s s a g e s  d u e  t o  c a r b o n  i n  t h e  g a s e s  
(.Table 4 ). It is, of c o u r s e ,  p o s s i b l e  t o  c o n q i d e r  making a s p e c i a l  
p rope l l an t  mixture, t a i l o r e d  t o  t h i s  a p p l i c a t i o n .  T h i s  would provide  the  
r e q u i r e d  c h a r a c t e r i s t i c s  b u t  would resu l t  i n  an increased development 
r i s k .  
Hydrazine can also be used as a fuel i n  a b ip rope l l an t  system. This does 
not  overcome t h e  f r e e z i n g  p o i n t  l i m i t a t i o n  n o r  d o e s  it s . implify the system. 
A su rvey  o f  o the r  poss ib l e  b ip rope l l an t  combina t ions  r evea l s  t ha t  none ( save  
hydrogen and oxygen) appear t o  o f f e r  a n y  s i g n i f i c a n t  a d v a n t a g e s  c o n s i d e r i n g  
t h e  added complexity of two feed systems. 
Monopropel lan ts  o ther  than  the  hydraz ine  b lends  were a lso  cons idered .  “he 
most l i k e l y  c a n d i d a t e s  are hydrogen  peroxide  and ETO. Both are well 
developed  and  present  low  development r i s k .  However, hydrogen  peroxide  also 
r e q u i r e s  p r o v i s i o n  t o  d e p r e s s  t h e  f r e e z i n g  p o i n t  t o  t h e  d e s i r e d  l e v e l  and 
has considerably lower performance than hydrazine.  ET0 has poor performance 
and i t s  vapor  pressure  at 180 F is approximately 150 p s i a  which would 
require  heavy tankage.  
P r o p e l l a n t  s e l e c t i o n  was, the re fo re ,  made from among the  hydraz ine  b lends  
and hydrazine.  Figure 89 compares the  ope ra t ion  and  performance  of some 
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PRODUCTS OF COMBUS!FION 
UDMEI 
N2H4 
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* Theoretical C h e m i c a l  Equilibrium 
Table 4 
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BLENDS  REQUIRE  MORE DISSOCIATION FOR 1700~ 
BLENDS  HAVE LOW FREEZING  POINT 
ANY  CONCLUSION  BASED ON HYDRAZINE  WILL BE VAL ID  FOR BLENDS 
HYDRAZINE WELL ESTABLISHED TECHNOLOGY 
WITH  MODIFICATION 
representa t ive  propel lan ts .  .One of t h e  major  cons idera t ions  in  a tu rb ine  
system is  t h e  'gas temperature. To maintain stres.s l e v e l s  at an acceptable 
level, the  gas   temperature   should  be  . l imited .to approximately 1700 F. It is 
, ' . readi ly  observed-  that  the hydrazine blends (except  MHF-5) result i n  h i g h e r  . .  
temperature .even a t  100 percent ammonia d i s soc ia t ion .  The low-temperature 
.blend hGGPc1 has relatively poor performance. A s  shown i n '  t h e  f i g u r e ,  
t h e  performance of "IF-5 i s  o n l y   s l i g h t l y   b e t t e r   t h a n ,   t h a t  of pure hydrazine 
a t  170OF. 
Based on these  cons ide ra t ions  pure hydrazine was s e l e c t e d   t o  be the  p rope l l an t  
used i n  t h e  s t u d y .  While it will result i n  a small (10-15g) performance 
penal ty   and must be ' hea t ed   ex te rna l ly  t o  prevent   f reezing  under  extreme 
. .  
conditions', it is  by far t h e  most developed and best  understood of t h e  
appl icable  propel lan ts .  It has  been used and f l ight  tes ted and i s  cu r ren t ly  
under   intensive  s tudy  for   the  grand-tour   misslon  (Ref .  a ). Furthermore, 
any conclusions drawn using hydrazine will be v a l i d  w i t h  ( a t  most) small 
changes for  the hydrazine blends.  For purposes of this short-term study, 
t h e  a v a i l a b i l i t y  of  data  and experience information appears t o  outweigh 
o the r  cons ide ra t ions  in  the  se l ec t ion .  
SYSTEM SELECPION 
In s e l e c t i n g  t h e  system b e s t  s u i t e d  t o  t h e  APU appl ica t ion ,  var ious  types of 
propellant  feed,  combustion  ignit ion,  and con t ro l  were considered.  Conditions 
f o r  TPU operat ion were considered t o  be  the  same as f o r   t h e  hydrogen/oxygen APU; 
I .  
Ref. a. Holcomb,' L. B.: Sa te l l i t e  Auxi l ia ry-Propuls ion  Se lec t ion  Techniques, 
Jet ,Propulsion Laboratory, Technical Report 32-1505, Novernber.1, 1970. 
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9 t h e  power p r o f i l e ,   f l i g h t   p r o f i l e ,  and power condi t ioning were t a k e n   t o  be 
ident ica l .  For  tu rb ine  opera t ion  a peak gas temperature of 170W (which 
i s  h igher  than  the  1SSOF s e l e c t e d  f o r  t h e  H2/02 APU) and a t i p  speed of 
1580 f t / s ec  (which is comparably lower than t h e  1700 f t / s e c   f o r   t h e  H2/02 
APU) were se lec ted .  
The options considered were 
Feed  System - Pump Fed 
Pressurized Tank Fed 
Ign i t ion  System - Cata ly t ic  
Thermal 
Hypergolic 
Control System - Pressure Modulated 
Pulse-Width Modulated 
O f  the possible combinations, four systems were se l ec t ed  fo r  de t a i l ed  s tudy  
These were: 
System E l  Pump Fed/Thermal Ignited/Pressure Modulated 
E2 Pump Fed/Thermal Ignited/Pulse-Width Modulated 
E3 Pressure-Tank  Fed/Thermal  Ignited/Pressure Modulated 
E& Pressure-Tank  Fed/Thermal  Ignited/Pulse-Width  Modulated 
As a result of t h e  t r a d e o f f  study discussed below, System E l  was se l ec t ed  as 
the  base l ine  system. The system select ion and t he  base l ine  system schematic 
are shown i n  F i g .  90. 
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SYSTEM SELECTION 
REQUIRES PUMP 
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E - 4  PRESSURE  TANK  FED/THERMAL  IGNIT!ON/PULSE-WIDTH  MODULATED 
FIGUEG 90 
Propel lan t  feed  us ing  e i t h e r  a pump o r  a pressur ized  tank  was inves t iga t ed .  
Pressurized-tank feed is  p o s i t i v e  and is  a proven  concept. It has, 
however,  two drawbacks: f o r  mul t ip le  start  app l i ca t ions  the  expu l s ion  sys t em 
n u s t  be capable  of nul’ciple cycles,  and for high feed pressure (de&rable 
f o r  performance)  the tank weights  become p roh ib i t i ve .  The pump system 
requires development of a pump t o  accompl i sh  the  pa r t i cu la r  t a sk  of t h i s  
appl ica t ion  ana ,  to m a i n t a l n  t h e  r e q u i r e d  s u c t i o n  c h a r a c t e r i s t i c s ,  a low 
p r e s s u r e  f e e d  t a n k  c o n t i n u e s  t o  be required.  Also, t h e  pump can be expected 
to be r e l a t i v e l y  low in  e f f ic iency ,  impos ing  a performance penalty. 
The tank weight  required i s  based  on  da ta  in  R e f .  b . Figure  9 1  summarizes 
these  we igh t  c r i t e r i a .  Fo r  the  boos te r ,  app rox ima te ly  1s cu f t  of tank 
volume i s  requi red ;  it i s  e v i d e n t  t h a t  t h e  p r e s s u r i z e d  system tank weight 
is apprec iab le .  
For des ign  pu rposes  the  p re s su re  d rop  between t h e  t a n k  and the combustion 
chamber has been taken equal to t h a t  u s e d  i n  t h e  H2/02 APU: 
Ptank 39 hamber + 20 
The f a c t o r  i n c l u d e s  a n t i c i p a t e d  p r e s s u r e  l o s s e s  i n  t h e  v a l v e s ,  i n j e c t o r ,  and 
a c a v i t a t i n g  v e n t u r i  which i s o l a t e s  t h e  s u p p l y  system from t h e  combustion 
chamber. A 20 p s i  l i n e  l o s s  i s  a l so  inc luded .  
Ref. b. Space  Engine  Design Handbook, Rocketdyne, a d i v i s i o n  of WAR, 
Report N0.R-8000 P-1, 1 January 1969 
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PRESSURANT STORAGE 
0 Helium Gas d 4500 ps i  
0 Titanium Tank ( ~ A L  4V)  
S d t  = 144,000 psi 
Factor of safety = 1.8 
0 Spherical Shape 
Propellant Tank Volume, cu. ft 
PROPELLANT STORAGE 
Propellant Tank Volu!!e, YJ. ft 
0 Titanium Tank ( ~ A L  4V)  
suit = 144,000 psi 
Factor of Safety = 1.8 
0 For Orbiter, minimum w a l l  
0 Aluminum is l i g h t e r  ( 6066-66) 
s d t  = 47,000 psi 
Factor of Safety = 1.8 
Spherical Shape 
e- 
Tank 
with 
material can be e i t h e r  t i t a n i u m  o r  aluminum, both of which are compatible 
hydrazine.  For p r e s s u r i z e d  t a n k s  t h e  t i t a n i u m  t a n k s -  are l igh te ' r  a t  
. pressures   above   about ,150   ps i .  
F o r  t h e  pump-fed system a modest 20 p s i  will be r e q u i r e d  t o  m a i n t a i n  t h e  
pump i n  c a v i t a t i o n - f r e e  o p e r a t i o n .  A minimum w a l l  t h i ckness  t ank  will be 
required,  making  aluminum l i g h t e r .  It might  be  noted t h a t  t h i s  minimum 
wall t ank  w i l l  be capable  of containing up to 1.00 ps i a .  A t  t h i s  p r e s s u r e  
level  t h e  s tar t  system shown i n  F i g .  g o w i l l  not be needed, flow can be 
e s t a b l i s h e d  d i r e c t l y  f r o m  t h e  t a n k  d u r i n g  startup. 
The p rope l l an t  t anks  (h igh  or low pressure)  will requ i re  pos i t i ve  expu l s ion .  
Three methods have been considered, bladders,  bellows, screen tension 
devices   (F ig .  92 ). The most  demonstrated  technology i s  bladder  systems 
which  have  been f l i g h t  tested. Cycle l i f e  has been demonstrated using 
rubber (Ethylene-Propylene Terpolymer, 37 cyc le s  t o  complete  expuls ion 
after 30 day's exposure) and extended storage has been performed (h63 days 
a t  125F). Because of  rubber  permeabi l i ty  to  he l ium gas  (0.17 mg/in /hr)  , 
some method of  gas l l iqu id  separa t ion  dur ing  long- te rm exposure  will be 
requi red .  A form of  screen  tens ion  device  appe8 . r~  t o  be desirable. 
Bellows can be used i f  t h e  t a n k  volume i s  l imi t ed .  To date,bellows have 
on ly  been  used successfully f o r  t a n k s  up t o  3 cu f t  volume. It is poss ib l e  
2 
t h a t  5 cu f t  could be u t i l i z e d .  T h i s  would be s u f f i c i e n t  f o r  t h e  o r b i t e r  
bu t  would r equ i r e  mul t ip l e  t ankage  fo r  t he  boos te r  veh ic l e .  The major 
advantage of  the bel lows is p o s i t i v e  s e p a r a t i o n  of t h e  g a s  and l i q u i d .  
Cycle l i f e  has been demonstrated i n  t h e  l i n i t e d  s i z e .  
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POSITIVE  EXPULSION 
BLADDER 
Demonstrated  Technology  (Flight  Tested) 
Allows Light-weight  Tanks  (Titanium, Aluminum) 
Cycle  Life  Demonstrated 
Rubber -100 cycles 
Teflon cr) 50 cycles 
Aluminum- 1 cycle (throwaway  tank) 
More  weight 
Less  'bladder  damage 
Cylindrical Tank Preferred 
Requires  GasILiquid  Separation  (Screen  Tension) 
Best for small T&S (< 3 CU. ft) 
Positive  Gas/Liquid  Separation 
100 - 200 cycles  Demonstrated 
Temperature  Insensitive 
Best for Cylindrical Tanks 
SCRFXN TENSION 
Fine  Mesh  Required 
May  accumulate  dirt 
Heavy 
Cylindrical  Tanks  Preferred 
Slosh  Suppression  Required 
Infinite  Cycle  Life 
Helatively  Temperature  Insensitive 
PUMP 
4 
Much work has  been done i n  r e c e n t  years on posi t ive expuls ion using screen-  
tension devices. These are p a r t i c u l a r l y  u s e f u l  i n  a weightless environment. 
It is probable  that  some development e f fo r t  would be r e q u i r e d  p r i o r  t o  u s e  
of screen-tension expulsion. 
For  the basel ine system a rubber bladder has been selected.  
The pump-fed system appears t o  be more s u i t a b l e  f o r  t h e  m u l t i p l e  start  
requirement of the APU. Although no developed pump is  ava i lab le ,  a pump 
r e c e n t l y  t e s t e d  a t  Rocketdyne appears t o  be i d e a l   f o r   t h i s   a p p l i c a t i o n .  
Because the large weight  penal ty  associated with the pressurized tankage i n  
the pressure-fed system is not a f a c t o r ,  t h e  pump-fed system can be 
operated at high combustion pressure. The pump head a t  a pressure of 1000 
p s i  is 3200 f t  which can be achieved by ope ra t ing  the  Rocketdyne Mk 36 
pump at 81,000 rpm (Fig. 92) .  This  extrapolat ion i s  based on well documented 
tes t  da t a  a t  75,000 rpm.  The pump curve i s  extremely f l a t  i n  t h e  expected 
operat ing range indicat ing good f low control  as power changes occur. 
For  the basel ine system, pump feed  h a s  been se lec ted .  
I g n i t i o n  System 
The generat ion of gas when monopropellants are used requires the decomposition 
of the propellant.  Unlike bipropellant systems where the  in j ec to r  des ign  
is crit ical ,  for monopropellants decomposition control i s  essential. 
For hydrazine systems the decomposition of t he  hydraz ine  r e su l t s  i n  the  
formation of ammonia which t h e n  f u r t h e r  decomposes i n t o  hydrogen and n i t rogen  
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at a '  r e l a t i v e l y  slow rate. T h i s  d i s s o c i a t i o n  is endothermic and results i n .  
. c o o l i n g  o f  t h e  g a s e s  w i t h  a s imul taneous  decrease  in  the  molecular  weight  
(G) of t h e  g a s  o v e r  , p a r t  of t h e  d i s s o c i a t i o n  r a n g e .  Between 0 and 75 
, percent  ammonia d i s s o c i a t i o n  t h e  p a r a m e t e r  T/iii varies only 2 3 percent .  
For 100 p e r c e n t  d i s s o c i a t i o n  t h i s  p a r a m e t e r  i s  reduced by 10 percent .  .As 
. , p o i n t e d  o u t '  p r e v i o b s l y ,  f o r  t h e  APU app l i ca t ion ,  a temperature  of 1700F, 
corresponding t o  60 percent  ammonia d i s s o c i a t i o n ,  i s  des i r ab le .  Because 
t h i s  d i s s o c i a t i o n  i s  r e l a t i v e l y  slow, prov i s ion  must be made to enhance it. 
Adiaba t ic  ammonia d i s s o c i a t i o n  t o  29 percent  (2100 F) is r e p o r t e d  t o  o c c u r  
i n  35 1 6 ~ ~ ? i s e c o n d s .  To ensure  reasonable  temperature, .a long combustion 
chamber is required. F o r t u n a t e l y ,   d i s s o c i a t i o n   o f  Ammonia can  be  speeded 
c a t a l y t i c a l l y  i n  t h e  p r e s e n c e  o f  many metals. Puls ing rocket  engines  have 
bean operated a t  Rocketdyne x i t h  55 t o  60 pe rcen t  d i s soc ia t ion  a t  f l o w r a t e s  
comparable t o  those  required by -the AFU. In such tests,  screens  (e .go  n icke l ,  
s t a i n l e s s  steel) were u t i l i z e d  to achieve the d i s s o c i a t i o n .  The screen  catalyst 
is relatively *une to poisoning by exposure to air so that it  is useable in 
a restart application, 
To in i t i a -b the  gas  gene ra t ion  p rocess  the  hydraz ine  must be decomposed. 
The most convent ional  method i s  t o   u s e  a catalyst, a l though  the  app l i ca t ion  
of h e a t  as i n  a thermal  bed has   a l so   been   used   successfu l ly .  Table 5 1ist.s 
t h r e e  methods of ign i t ion  and  decomposi t ion  cont ro l .cons idered  toge ther  wi th  
t h e  e v a l u a t i o n  f a c t o r s .  
While catalytic i g n i t i o n  and decomposition i s  t h e  most developed, tests have 
shown t h a t   t h e  catalyst w i l l  po i son  in  the  p re sence  o f  water vapor  o r  oxygen 
e s p e c i a l l y  if t h e  eatalyst i s  hot .  If t h e  APU will b e  r e q u i r e d  t o  restart 
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IGNITION 
I 
CATALYTIC , 
, I  
THERMAL  BED - HEATED 
THERMAL  BED - HYPERGOLIC 
~ ~~~ 
WELL  DEVELOPED 
SHELL 405 CATALYST 
REQUIRES PROTECTION 
REQUIRES CARE 
RELIABLE 
SLOW INITIAL RESPONSE 
LESS DECOMPOSITION 
CONTROL 
DEVELOPED, RELIABLE 
REQUIRES OXIDIZER SYSTEM 
MORE  COMPLEX  CONTROLS 
SLOW INITIAL RESPONS 
LESS DECOMPOSITION 
CONTROL 
TABLE 5 
FLIGHT QUALIFIED AND FLOWN , 
3x10 HOT  CYCLES  DEMONSTRATED 
UP TO 160 COLD STARTS DEMONSTRATED 
WATER  VAPOR  COATS  URFACE 
6 
OXYGEN CONTAMINATES 
BRITTLE BREAKUP - PRESSURE PULSES 
STRATIFIED FLOW  ALONG  WALLS 
PRELIMINAXY DEVELOPMENT  COMPLETE.  FOR 
PULSED AND STEADY OPERATION 2 WATTS/LB TKRUS: 
T I M E  REQUIRED TO HEAT BED (POWER 
SOURCE  DEPENDENT) 
REQUIRES GREATER L TO  ENSURE 
MI IIECOMPOSITION 
* 
BI- PROPELLANT TECHNOLOGY 
TANKAGE,  VALVES, PRESSRANT 
PULSE OXIDIZER FOR  SHORT  DURATION 
OXIDIZER ON 30 ms, OFF 570 ms 
FUEL ON 200 ms, OFF 400 ms 
REACHES SELF-SUSTAIN I N  6 SEC 
REQUIRES GREATER L TO  ENSURE NH3 
DECOMPOSITION 
* 
w i t h i n  t h e  atmosphere, then t h i s   t y p e  of poisoning becomes a major considera- 
t i o n  and provis ion for  excluding air from the gas  generator  upon shutdown 
would be required. This would normally be a purge system which  would have 
t o  o p e r a t e  u n t i l  t h e  bed had cooled t o  an  acceptable  level .  The weight 
p e n a l t y   t o  be assessed t o  such a purge system depends on t h e  number of shut- 
downs required per mission and t h e  ground equipment ava i l ab le  i f  GSE purge 
is provided. It is ev iden t  t ha t  more than  one o r  two purge cycles will 
result i n  a major weight penalty. 
The use of a thermal bed t o  achieve decomposition is a l s o   r e l a t i v e l y  well 
developed. In i t i a l  r e sponse  is, of  couTse,  delayed u n t i l  t h e  e x t e r n a l  h e a t  
source has increased bed temperature t o  t h e  r e q u i r e d  l e v e l .  Once decomposi- 
t i o n  is achieved,  the react ion i s  self-sustaining. There is a small power 
pena l ty  for  the  hea t  source .  
Hypergolic i n i t i a t i o n  of d i s soc ia t ion  invo lves  the  use of  bipropel lant  
ope ra t ion  fo r  sho r t  times u n t i l  t h e  thermal bed reaches self-sustaining 
temperature. If pulse width modulation i s  used, t h i s  type  of operation may 
requi re  a b ipropel lan t  mode f o r  about 5 percent of each puls ing cycle  for  
t h e  first 6 seconds. This system is independent of external power for heat 
but requires the  inc lus ion  of an oxidizer supply system with associated 
con t ro l s  
For the baseline system an externally heated thermal bed was se lec ted .  
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Control System 
Two methods of power con t ro l  were considered for the  s torable-propel lant  APU - 
pulse width control and pressure-modulated control. The considerations 
p e r t a i n i n g   t o   t h e s e  are e s s e n t i a l l y  similar t o   t h o s e  for t h e  H2/02 APU 
except  tha t  it is poss ib le  to  cons ider  h igher  pressure  leve ls  because tankage 
volume is  lower. For purposes of system evaluat ion,  the peak gas generator 
pressure was l i m i t e d  t o  1000 psi.  This i s  somewhat a r b i t r a r y  and higher 
pressures  could  resu l t  i n  lighter-weight systems. The major  advantage i n  
using high pressure is t h a t  performance degradation due t o  varying back 
pressure is minimized, and the pressure change effects due to larger power 
variation is  minimized. 
For the baseline system, pressure-modulated control was selected. 
SYSTEM OPTIMIZATION 
The se l ec t ion  of t h e  system design conditions was based on a weight optimisa- 
t i o n  f o r  b o t h  t h e  b o o s t e r  and orb i te r  power / f l igh t  prof i le .  The r e s u l t s  
obtained for  the booster  are shown i n  Fig. 93 . 
pressure  Modulated System 
For the pressure modulated system, the  r equ i r ed  p res su re  to  produce t h e  
required power at the exhaust  pressure var ies  over  tne g i v e n  f l i g h t  p r o f i l e  
was calculated. Varying design pressures were assumed and off-design 
pena l t i e s  as they  apply  to  supersonic  turb ines  were assessed. The propel lan t  
usage was ca lcu la ted  and a 5% reserve  p lus  the  requi red  t a n k  weight were 
added t o  determine weight. The result is a series of curves shown i n  Fig.93. 
19 5 
S Y S T E M  O P T I M I Z A T I O N  
PRESSURE MODUJATED 
Design Pressure 
600 I 
t 
0 5b ldoo 
Maximum  Pressure, psi 
\ 
Maximum Pres~ure, psi 
FIGURE 93 
6- - ,I. ! 
f 
I 
which form an envelope as. shown. When t h e  ;ystem i s  pump fed ,  tank  weight  
is iow because a minimum wall t ank  i s  a l l  that; i s  required.  An inc rease  
i n  t h e  m a x i m u m  a l lowable  pressure  i s  des i rab le  and  1000 psi  was selected 
f o r  system El (pump fed/ thermal  ignitionjpressure modulated). For the 
pressure-fed system, the  tankage  weight  varies with the supply pressure. The 
supply  pressure was assumed to be 
which p r o v i d e s  f o r  t h e  p r e s s u r e  d r o p  i n  t h e  i n j e c t o r ,  t h e  f l o w  c o n t r o l ,  and 
t h e  l i n e s  ( j u s t  as i n  t h e  H2/02 system). Tank weights  were  calculated 
us ing  the  da t a  o f  F ig .  9 1  .'as d e s c r i b e d  i n  t h e  Feed Systen! section. The 
result  (Fig.  9 3 )  shows a d e f i n i t e  minimum i n  t h e  weight (usage + reserve + 
t ank )  when the  des ign  p res su re  is 300 p s i  and t h e  maximum pressure  is LOO 
p s i  '(System E3, pressure fed/ thermal  igni t ion/pressure Rodulated)  . 
Pulse-Width Modulated System 
When pulse width modulation i s  used, tee des ign  pressure  and peak pressure  
are e s s e n t i a l l y  t h e  same because t h e  p r e s s u r e  i s  e i t h e r  maximum o r  zero.  
(They are n o t  p r e c i s e l y  t h e  same because provis ion is made t o  o b t a i n  peak 
power when t h e  p u l s e  i s  on 96 percent  of t h e  time, g iv ing  a IJ percent  reserve. 
The des ign  pressure  has  been  def ined  as t h a t  r e q u i r e d  t o  o b t a i n  f u l l  power 
a t  cons tan t  f low.)  The two curves related to  pulse-width modulated operat ion 
are a l s o  shown i n  F i g .  93.  Again t h e  b e s t  o p e r a t i o n  for pump feed  is t h e  
m a x i m u m  useable (1000 p s i )  and a minimum exists f o r  p r e s s u r e  f e e d  a t  350 p s i  . 
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Calcula t ions  similar t o  t h o s e  p l o t t e d  i n  F i g .  95 were made f o r  t h e  o r b i t e r  p r o f i l e .  
The r e s u l t s  are summarized i n  Table 6 f o r  b o t h  v e h i c l e s .  
TABLE 6 
Design and Peak Pressures  
I r I c 
Figure  94 summarizes t h e  t o t a l  system weight  and  spec i f ic  propel lan t  
consumption f o r   t h e   f o u r  systems and f o r   t h e   b o o s t e r  and o r b i t e r  a p p l i c a t i o n .  
System E l  was s e l e c t e d  f o r  t h e  b a s e l i n e  system (even though weight i s  not  
minimum) because the pumped-propellant-fed system is considered t o  be easier 
t o   c o n t r o l  when pressure modulat ion is used. 
SYSTEM COMPONENTS 
Turbopower Unit 
Des ign  cons idera t ions  for  the  turbopower  uni t  are essentially t h e  same f o r  
t h e  s t o r a b l e  system as f o r  t h e  H2/02 APU. Because des ign  gas temperature  i s  
h igher  (1700F), t h e  t u r b i n e  t i p  s p e e d  has been reduced t o  1580 f t / s e c .  
Main ta in ing  the  same turb ine  speed  results i n  a t i p  d i a m e t e r  o f  6.OhO i n .  
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The turb ine  des ign  concept .  i s  shown i n   F i g .  9 5 .  . . Two wheels provide pressure 
s t a g i n g  w i t h  t h e  first s t a g e  p a r t i a l  a d m i s s i o n  (72. degrees) and the second 
s t a g e  f u l l  admission. A s  shown i n  F i g . '  95 , b u r s t  p r o t e c t i o n  i s  included.  
Hydraulic -Oil Cooler 
One  disadvantage  in  the  use of the  storable  system  compared  to  the H2/02 
system i s  the   hydraul ic -o i l   cooler .   Because  it i s  n o t   p o s s l b l e   t o   u t i l i z e  . 
t h e  p r o p e l l a n t  t o  remove t h e '  h e a t  g e n e r a t e d  i n  t h e  h y d r a u l i c  c i r c u i t  
(hydrazine has poor heat capacity and becomes flammable a t  temperatures  
above  about 400F), an a u x i l i a r y  system must  be  provided.. It was d e c i d e d  t o  
u t i l i z e  t h e  l a t e n t  h e a t  c a p a c i t y  o f  a l i q u i d  t o  a b s o r b  t h i s  e n e r g y .  O f  the 
var ious  candida te  materials water has  by far t h e  h i g h e s t  l a t e n t  h e a t  p e r  
pound and. was, the re fo re ,   s e l ec t ed .   F igu re  96 shows the   concept .  . A valve 
i s  set t o  blow steam o f f  a t  2 0  p s i  above t h e  ambient. This   maintains  low . ,  
A P across  the tank and minimizes  weight .  Boi l ing temperature  is'set by 
this  pressure  independent of power  demand.  The  hydraulic  fluid  and  lube  oil 
flow through a matrix of tubes  located  at  the  bottom  of  the  tank.  They  are. 
sized to maintain  hydraulic-oil  temperature  at 300 F or below. A total  of 
85 ft of 3/8-inch-diameter  tubing  is  required.  The  matrix  is  sized  to  minimize 
' pressure  drop.  Provision  is  made  to  maintain  sufficient  water (20 pounds) 
in  the  tank  at  the  end of  a  mission to  ensure  that  tubes  are  covered.  If  it 
becomes  necessary to use  this  technique  in  a zero-g  environment,  some form 
of  screen-tension  device  will  be  required to maintain  the  liquid  ,mass on the  
tubes. 
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H Y D R A U L I C   O I L   C O O L E R  
I 
POOL BOTLER 
Water 
High Latent Heat/Pound 
Easy Handling 
r\) Valve Set @ 20 psid 
% Booster Mission Requirement 
166 pounds water for boiloff 
X, pounds water tare 
- 64 pounds tank, valve, tubes 
250 pounds 
f 
17-  Boiloff HYDRAULIC O I L  
I \ -  Maintain Temperature 300 F 
Minimize pressure drop 
FIGURE 96 
C12t.arials 
Hydrazine has bee?: shovn to be compatible with & wide variety of materials 
for this type of appllcaEi.on. Table 7 summarizes compatibility with t h e  
r:~cm prominent, cmdidate materials for an APU. 
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IRON 
MONEL 
STELzlIllE 
TITANIUM 
PLASTICS - Hycar, Kel-F, Nylon, Polyvinyl  
- Teflon, polyethylene 
RUBBER 
GFtAPHrmE 
SILICONE 
TABLE 7 
COMPATIBILITY FOR HYDWAZINE OR BLEW 
r I I I 
Controls 
The c o n t r o l s  f o r  t h e  storable p rope l l an t  APU are e s s e n t i a l l y  similar t o  
those  used on t h e  H2/02 APU e x c e p t  t h a t  no propel lan t  condi t ion ing  is 
requi red  and, with a monopropel lant ,  gas  generator  control  is d i f f e r e n t .  
Table  8 lists the  c o n t r o l   t r a d e o f f s   c o n s i d e r e d   t o g e t h e r   w i t h   t h e   s e l e c t i o n s  
€or the b a s e l i n e  system. 
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TABLE 8 
APU SYSTEM CONTROLS TRADEOFF 
CONTROL OPTIONS AND SELEZTION 
0 Power Control, Monitoritq 
0 Torque Load (Variable Speed) 
0 Clutch or Dissi a t i v e  Load 
I 
(Constant Speedy 
RFM (Constant Speed) 
0 Gas Generator Operation - 
Propellant Flow 
0 m s e  ( ~ a n g - ~ a n g  Valve) 
Modulating 
ADVANTAGES 
0 Simple  System 
0 High R e l i a b i l i t y  
0 Low Weight 
0 Optimum System Operation at 
0 Reliable Control (RPM Monitor) 
0 Allows Operation a t  Off Design 
Constant Speed 
with Minimum Penal t ies  
0 Minimum Propellant Consumption 
0 Constant  Turbine  Speed 
0 Minimizes  Thermal  Design 
I""" i 
Denotes Selection f o r  Baseline System 
DISADVANTAGES 
0 Large Number o f  System  Cycles  Required. Im-  
proved Component Performance, Li fe  and Dura- 
b i l i t y  Required. 
0 Heat Soadback  and  Thermal Conditioning 
C r i t i c a l  
0 More Complex 
0 Poss ib le  Sens i t iv i ty  to  Acce lera t ion  Loads 
0 Instrumentation Calibration Accuracy and Valv~ 
Posi t ion ing  Cal ibra t ion  Cr i t ica l .  Subjec t  to  
Changes with @;-Load, Wear, Friction, Contam- 
ination,  Temperature. 
j 0 Higher  Propellant Consumption 
3 .  
0 Components Designed t o  Operate Over Wider 
Range of  Pressures, Flows. Resul ts   in  Lower 
Rfficiency . 
j 0 Ins t ab i l i t y   Po ten t i a l  
i 0 Servo F l u i d  Overboard Dump 
I 
I 
I 
0 Gas Generator Operation - 
Combustion Temperature 
0 Closed Loop 
+ Open Loop 
0 Gas Generator Ignition 
0 Catalyt ic  
0 Thermal-Hypergolic 
+ Thermal-Externally Heated 
e Gas Generation 
0 Catalytic 
+ Thermal 
TABLE 8 (Continued) 
AFU SYSTEM CONTROLS TRADEOFF 
ADVANTAGES 
0 Simplicity. Temperature Con- 
t ro l l ed  by Gas Generator Bed 
Design 
,t t o  Environment 0 Iner 
0 Simple 
0 Inert t o  Environment and 
Materials 
0 Simplicity 
DISADVANTAGES 
0 No System Shutdown f o r  Turbine Protection a t  
High Temperature. 
0 Requires  Extern 
0 Slow Star tup 
. a l  Heat Source 
0 Design Over Operating Range C r i t i c a l  t o  
Prevent Quenching 
0 Requires Hypergolic S t a r t  o r  Heater 
TABLE 8 (Concluded) 
AFU SYSTEM CONTROLS TRADEOFF 
CONTROL OPTIONS AND SELECTIO~ 
ProDellant  Fee  System 
0 Cold Gas,  Pressure  Fed 
y Pump Fed 
Feed  System  Propellant 
Expulsion  Technique 
0 Surface  Tension 
0 Bellows 
Bladder 
- Teflon 
- Rubber 
ADVANTAGES 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Lighter  Weight 
Compact 
High Efficiency-High.Pressure System 
Conventional.  Demonstrated and Flown 
Easy  to  Clean 
High  Volumetric and Expulsion  Efficiency 
Smooth  Expulsion' 
Gas  Free  Expulsion  with  Gas  Trap 
Good Cycle  Life 
Insensitive  'to  Handling  Abuses  and  Dynamic 
Loads 
Easy  to  Clean 
High  Volumetric and Expulsion  Efficiency 
Smooth  Expulsion 
State-of-the-Art 
Gas  Free  Expulsion  with Gas Trap 
DISADVANTAGES 
." 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Miliion  Cycle Funp Development. ' ' 
Pump  NPSH  Requires  Pressurization  System 
Requires  Startup  System (Pump Connected 
to  Turbine  Gear.  Box  Drive). 
Limited  Cycle  Life 
Sensitive  to  Handling  Abuses 
Sensitive  to  Dynamic  Loads,  Especially 
Sloshi'ng 
Sophistic.ated Tank Gauging and Filling 
Techniques  Required 
Pressurant  Gas  Permeation f Bladder . 
Sophisticated Tank  Gauging and Filling 
Techniques  Required. 
Pressurant Gas Permeation of Bladder 
(Greater  Than  Teflon). 
Development  Required 
J 1 P 
b- 
~ l l  required  technology for the turbopower unit has  been developed. 
Demonstration in the selected  size  range is required. 
Controls similar to those which  will  be required have been demonstrated 
and fully developed in rocket technology. Unique  requirements of de- 
composition  maintenance and multiple ignition  has  been demonstrated. 
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TECHNOLOGY STATUS 
In order  to  determine  the  useability of storable  propellants  for  the APU 
the  status of the  various  applicable  portions of the  technology  were  reviewed. 
Figure 18 shows  the  resultant  assessment  for  various  options  considered. 
The  propellant  selected  (hydrazine)  has  been  used  in  a  number  of  flight  systems 
and  has  been  tested  as a propellant  in  the  size  and  power  range  required  here. 
It is  considered  to  be  well  developed. 
The  pumping  system  will  require  adaptationof  an  existing  (Mark 36)  design  with 
subsequent  confirmation  testing.  The  technology has  been  demonstrated 
on  other,  similar  systems. 
For  ignition,  thermal  bed  heating  is  selected.  This  type of system  has  been 
developed  for  thrustors  and  has  proven  to  be  reliable.  It  requires  adaptation 
and  final  development  in  the  proper  size. 
Combustion  systems  similar to those  required  for  this  application  have  been 
developed.  Sufficient L” for  decomposition  control  needs  to  be  demonstrated. 
Development of an  appropriate  hydraulic o i l  cooler  will  be  required.  The 
design is established  and  all  necessary  technology  has  been  identified  as 
being  available. 
Availability  of  materials  compatible  with  hydrazine  service is established. 
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RELIABILITY 
Each of t h e  systems e v a l u a t e d  i n  t h i s  study was  s u b j e c t e d  t o  a pre l iminary  
a n a l y s i s  t o  d e t e r m i n e  t h e  r e l a t i v e  r e l i a b i l i t y .  A separate set of ca l cu la -  
t i o n s  was made f o r  t h e  H2/02 and  s to rab le  p rope l l an t  systems. Relative 
failure rates were estimated and nominal and m a x i m u m  expected system 
reliabil i t ies were determined using e s t a b l i s h e d  NASA f a i l u r e  d a t a .  
CRYOGENIC SYSTEM 
System Analysis  
The candida te  systems were s t u d i e d  i n  d e t a i l  t o  d e t e r m i n e  t h e  t y p e  o f  
component best s u i t e d  f o r  t h e  i n t e n d e d  a p p l i c a t i o n .  Ground rules and 
a s s u m p t i o n s  e s s e n t i a l  t o  ( a n d  made p r i o r  t o )  t h e  a n a l y s i s  are l i s t e d   i n  
Table 9. 
A s  a n  example of  t h e  a n a l y s i s ,  t h e  t y p e  of se rvo  system r e q u i r e d  f o r  t h e  
r e g u l a t i o n  of propel lan ts  th rough the  hot-gas heat exthanger was determined. 
It proved t o  be e s s e n t i a l  t o  a s c e r t a i n  w h e t h e r  a mechanical o r  e l e c t r o n i c  
type  of system was r e q u i r e d  f o r  t h e  a p p l i c a t i o n .  The unreliabilities of 
t h e  two systems are s i g n i f i c a n t l y  d i f f e r e n t .  
A system matrix i d e n t i f y i n g  t h e  type and q u a n t i t y  of components required 
f o r  e a c h  of t he  cand ida te  systems was cons t ruc ted  as shown i n  Tablelo. 
Component relative unreliabilities were f o r  i n c o r p o r a t i o n  i n t o  t h e  system 
reliabil i ty models and system r e l i a b i l i t , i e s  and u n r e l i a b i l i t i e s  were 
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TABLE 9 
GROUND RULES FOR RELIABILITY ANALYSIS 
0 
0 
0 
0 
0 
Hydraulic pressure feedback t o  motor (hydraulic) servo valve will not require 
e lectronic  gear  for  detect ion,  amplif icat ion,  e tc . ,  but  is a d i rec t  
nyaraulic pressure.contro1 mechanism. 
Heat exchanger bypass valves are considered f o r   t h i s   a n a l y s i s  t o  be elec-  
tronic servos (torque motor, solenoid, etc.) w i t h  electronic feedback from a 
thermocouple temp pickup requiring amplification, etc. 
O i l  and hydraulic cooler controls are considered for t h i s  a n a l y s i s   t o  be 
simple thermostat devices requiring no e lec t ronic  equipment. 
The bipropellant valve (whether modulating or pulsing) will require  e lectronic  
equipment t o   t r a n s l a t e   t h e  speed reading t o  an  e lec t r ica l  ou tput  to  the  va lve .  
The combustor t h r o t t l i n g  assembly will a l s o   u t i l i z e  a similar feedback 
electronic  control  assembly. 
A l l  system valving (purge control, venting, etc. ) are assumed t o  be remotely 
operated solenoid valves even though t h e  system schematic does not indicate 
e lectr ical  actuat ion.  The only exceptions t o   t h i s  assumption are t h e  f i l l  
and vent valves utilized on t h e  propellant tanks when t h e  tankage i s  provided 
with the APU. I n  f l i g h t  purge is  a requirement. 
Oxidizer regulator performance requirement f o r  t h e  high pressure system is 
assumed t o  be 2 1% whereas t h e  low pressure system required ;t 0 2%. 
Bipropellant valve actuation for the high pressure systems will be pneumatic 
whereas t h e  low pressure system will uti l ize  hydraul ic  pressure.  
Because they  are  not shown on the schematic, the following were not considered 
in  the reliability analysis: 
a)  Hydraulic  system components such as reservoirs,  accumulators and 
system valving. 
b) 28 vo l t  power supply with the proper support electronics (apart 
from the  e lec t ronic  cont ro l  loops)  for  hea te r  consumption, valve 
power, e t c  . 
c) Lubricating oil  supply eauipment . 
The pressure control l ing device in  the propel lant  tank is a mechanical device 
ra ther  than  a resistance bridge type transducer which sends a s ignal  t o  t h e  
control ler ,   e tc .  
A l l  temperature instrumentation Kill be thermocouples w i t h  individual failure 
rates but t h e  failure rates will not be included i n  t h e  con t ro l l e r  f a i lu re  
rate. 
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ca lcu la ted  and  compared. Results of  the  system  comparisons were analyzed, 
concl.usions drawn and recommendations f o r  improvement were cor.piled. 
Determination of R e l a t i v e  U n r e l i a b i l i t i e s  
Two bas i c  methods were u t i l i z e d  t o  j o i n t l y  a r r i v e  a t  r , e l a t i v e  component 
u n r e l i a b i l i t i e s .  One method was a search  of  ava i lab le  f a i lu re  d a t a  on 
similar components.   Three  sources  of  failure  data were u t i l i z e d  as l i s t e d  
i n  t h e  r e f e r e n c e  s e c t i o n  as Reference a),  b) and c ) .  The second method was 
a sys temat ic  scheme of d e r i v i n g  a r e l a t i v e  unre l iab i l i ty  ranking which 
cons idered   four   a t t r ibu tes :   a )   per formance ,  b) -stress, c )   s t a t e - o f - t h e - a r t ,  
and d) complexity. 
Generic Data Search - Three sources of d a t a  were found t o  c o n t a i n  u n r e l i a b i l i t y  
o r  failure rate d a t a  which could be u t i l i z e d  i n  t h i s  t r a d e  s t u d y :  
Reference a )  is a compilation of f a i lu re  rates which NASA has 
compiled i n  i t s  exper ience  wi th  rocke t  engines  up  to  1965. The 
d a t a  are app l i cab le  due  to  the  c ryogen ic  component a p p l i c a t i o n  of 
t he  r epor t ed  da ta .  
Reference b) i s  a s&ary of fa i lure  data compiled from Rocketdyne 
r eco rds  on t h e  5-2 and F-1 programs. Failure rates from only stage 
s ta t ic  t e s t i n g  ( a f t e r  e n g i n e  d e l i v e r y  and i n s t a l l a t i o n  i n t o  t h e  
veh ic l e  s t age )  were considered i n  t h e  r e p o r t .  
Reference c)  i s  data from an independent organization which compil.ed 
a l l  a v a i l a b l e  failure rate  d a t a  from  aerospace  contractors.   Direct 
a p p l i c a t i o n  of t h e  d a t a  i s  l i m i t e d  due t o  a l a c k  of  usage descr ipt ion 
and necessi ty  for  appl . i .cat ion of v a r i o u s  i n f l u e n c e  f a c t o r s .  
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R e l i a b i l i t y  Estimate - I n  o b t a i n i n g  t h e  estimate of component re la t ive 
u n r e l i a b i l i t y  a system was devised t o  incorporate  the inf l -uence of  charac- 
t e r i s t i c s  s u c h  as a )  r e l a t ive  t i gh tness  o f  t he  pe r fo rmance  r equ i r emen t ,  
b) r e l a t i v e  d e g r e e  of s e v e r i t y  of stresses, c )  r e l a t i v e  d e g r e e  of prev ious  
usage or advancement of  s ta te-of- the-ar t ,  and d)  relative complexity. 
Each  component was ana lyzed  r e l a t ive  to  the  g round  rules d e l i n e a t e d  i n  
Table 9 and given a r a t i n g  from 1 t o  5 as descr ibed.  The product of t h e  
f o u r  f a c t o r s  w a s  o b t a i n e d  t o  arrive a t  t h e  p r e d i c t e d  r e l a t i v e  u n r e l i a b i l i t i e s  
which are l i s t e d  f o r  each component i n  Table 10. 
Tests f o r  R a t i o n a l i t y  
I n  o r d e r  t o  v a l i d a t e  t h e  p r e d i c t e d  r e l a t i v e  unreliabil i t ies ( f a i l u r e  rates), 
gene r i c  data were compared w i t h  t h e  estimates, and components were cmpared  
with components .  With these two cross  checks the unrel iabi l i ty  es t imates  
were reviewed and revised as d i c t a t e d  by t h e  a n a l y s i s .  
The results of t h i s  a n a l y s i s  are summarized  below: 
1. The r e l a t i v e  s y s t e m  f a i l u r e  rates were determined  and are 
summarized i n  Table 11. 
2. The  most  significant  influences  on  relative  system  failure  rates 
are  provided  by  three  areas  listed  below in order  of importance. 
Pressure  System Elements. The low pressure  subsystem is best 
because it has  the  fewest valves. 
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!TABU 11 
SSAPU RELATIVE UNWLIABILITBS 
"
A1 X x x x  
A 2  X x x  x 
A 3  X X X X  
A4 X X x x  
A 5  x x  x x  
@J 
m P A 6  . x  x x x  
B1 x x  x x  
. E  x x  x x  
B3 x x  x x  
Fi4 x x   x x  
B5 X x x x  
€6 x x x  X 
c1 x x  x x  
c2 x x  X X 
c3 x x  x x  
c4 s x  X 1( 
c5 s x x  X 
c6 x x x  X 
c7 x x x  X 
C B  s x x  X 
15 
18 
16 
19 
14 
20 
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u. 
10 
I2 
13 
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128 118.2 
188 126.7 
1-36 119.3 
1% 127.8 
204 l2g.o 
340 148.3 
8 101.1 
68 lW.7 
72 110.2 
68 109.7 
0 100.0 
72 110.2 
0 100.0 
60 108.5 
. 9758 . 9746 
9756 
a9738 
9736 
9696 
9793 
9775 
9774 
,9775 
a9795 . 9774 
* 9795 
.9778 
The  pressurized  subsystem  (supercritical)  has  more  valves  and is 
significantly ‘less dsslrable  than  the low pressure  system. 
The  pumped  system  is  least  desirable  primarily  because o f  the  necessity  for 
a hydraulic  motor-driven  hydrogen pump. 
A high-pressure gas system,  while  not  included in the  analysis,  would  be 
rated  similar to  the low-pressure gas system. 
Turbine ~ Combustor  Propellant  Control.  The  pulse-modulated  system  utilizes 
a  single  bipropellant  valve  which  introduces  propellants to  he combustor 
at  controlled  average  flow  rates  and  provides  positive  shutoff f o r  system 
nonoperating  periods. 
Modulating  valve  and  variable  geometry  injection  may  require  additional 
positive  shutoff  valves,  which  can  increase  the  system  unreliability. 
The  variable  geometry  injecti-on  concept  appears  the  least  reliable  because 
of system  complexity  and  development  risk. 
Tankage - Vehicle  propellant  tanks (e.g.,  those  to  be  used  for the.ACS) 
are  better  than  separate  APU  tanks  because  they  can  be  used  with  essentially 
no reliability  penalty  for  the  vehicle  and  eliminate  the  need  for  APU  tanks 
and  associated fill, drain, and  relief  contfols. 
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3. The  major  reliability  problem  areas  identified  by  this  study  are: 
Complex  Control  Systems - Controls  systems,  especially  those  requiring 
transducer-electronic  control-electrohydraulic  control  loops  contribute 
substantially  to the  system  unreliability.  Both  hardware  complexity  and 
critical  performance  requirements  are  influential  factors. 
Components - Individual  components  which  have  the  highest  relative 
failure  rates,  thus  incluencing  the  reliability  of  the  system  in  which 
they  are  used  are: 
Hydrogen  pump  and  hydraulic  motor 
Modulating  bypass  valves  and  high  precision  pressure  regulators 
4 .  Reliability  improvement  can  be  made  in  the  following  areas: 
Alternate  control  systems  with  less  complexity  or  wider  performance 
tolerance  ranges. 
Improved  valve  and  regulator  or  pump  technology. 
In-  sys  tem  redundancy. 
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STORABLE  SYSTEMS 
This  section  presents  the  results of a  reliability  study  of  eight  conceptual 
storable  propellant  systems.  The  objectives of the  study  were to compare  the 
storable  propellant  systems  to  previously  evaluated  oxygen/hydrogen  systems 
as  well  as  to  compare  the  eight  concepts. In addition,  a  brief  maintainability 
study  was  conducted  to  identify  any  unique  storable  propellant  system  problems 
or costs  which  should  be  considered  in  the  comparison of the  storable  and  cryo- 
genic sys tems . 
KeLiability  Trade  Study  Method 
Figure 97 is  a  matrix of the  major  system  differences  and  designations.  The 
eight  storable  systems  considered  were  various  combinations  of: 
1. Pump fed  or  blowdown  system  concepts 
2. Pulsing  or  modulating main  propellant  valve 
3 .  Catalytic  or  thermal  combustion  devices 
In order  to  compare  the  eight  candidate  systems  a  complete  components  list  was 
created  for  each  system  (many  components  common),  and  relative  unreliabilities 
were  listed for each  component.  By  simply  summing  the  component  unreliabilities, 
the  system  unreliabilities  were  obtained.  Table 12 is  the  list  of  Components, 
the  system  usage,  the  component  unreliability  and  the  resultant  system  unrelia- 
bility.  Ranking  of  the  systems  by  the  relative  unreliabilities  can  be  accom- 
plished  for  comparison  only,  but  cannot  be  used  on  an  absolute  basis. 
Relative  unreliabilities  were  estimated  and  tested  for  rationality  in  the  same 
manner  as  previously  described  €or  cryogenic  systems.  Ground  rules  used  were: 
1. Fill  valve  and  purge  valve  unreliability  was  included  only  when  the 
manual  valve  was  required  to  provide  a  positive  seal  in  the  closed 
position. If the  manual  valve  is  open  during  the  whole  mission  and 
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STORABLE PROPELLANT SYSTEM - FAKING CHAKT 
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High Pressure Helium Tank - 4500 p s i  
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2 2  X X X :i X X X X' H e l i u m  Supply  Solenoid  Valve  (Unreg.)  
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24 .01 100 18 2 2 :i ?:' 2 2 S X Hydrazine Solenoid Vaive 
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IJpstream Purge Solenoid Valve (Latching)  x x  X X  2 5  2 4 
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TABLE 12 
COMPONENT/SYSTEFl  DESIGNATIONS 
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only  closed  during  ground  operations,  its  unreliability  was  not 
included  in  that  the  only  failure  mode  would  be  external  leakage 
such  as  lines  and  fittings. 
2. Lines  and  fittings  unreliability  was  not  included. 
3. Redundant  regulators  or  redundant  components  were  exclused  because 
no redundancy  was  included  in  the  cryogenic  system  study. 
4 .  The  purge  gas  system  component  unreliabilities  were  not  included, 
consistent  with  the  cryogenic  study  ground  rule.  Only  the  purge 
control  valve  unreliability  is  included. 
5. Filter  unreliabilities  were  excluded. 
6 .  No hydraulic  pump  or  alternator  unreliability  is  included  in  the 
tabulations. 
7. No pressure  or  temperature  transducer  unreliability  is  considered  in 
the  summation  unless  it  is  an  integral  part of the  control  servo  loop. 
Subsystem  Comparison 
Table13  is an analysis  of  the  basic  subsystems  within  overall  systems. In
other  words,  eliminating  common  components,  the  blowdawn  system  advantage  over 
the  pump-fed  system  was  quantified.  Also  the  table  shows  the  quantified  advan- 
tage of the  pulsing  propellant  valve  over  the  modulating  propellant  valve. 
Comparison  With Cr-e-Tis Systems 
Comparison of the  catalytic  and  thermal  combustion  systems  shows  very  small 
differences. Some recent  publications  have  indicated,  however,  that  failure 
rates of catalyst  beds  are  considerably  higher  than  implied  by  the  numbers  used 
in  the  present  study.  Under  such  conditions  the  thermal  bed  would  be  strongly 
favored. 
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TABLE 13 
SUBSYSTEM COMPARISON 
1. BLOWDOWN SYSTEM AND PLWPED SYSTEM 
a) One Pump + 90 
b) One Latch ing   Solenoid  + 25 
c )  One Solenoid  Valve + 18 
d) One Hydrazine  Star t :  Tank -k 48 
e) One Helium F i l l  Valve (Manual) + 4  
f )  One H y d r a z i n e   F i l l  Valve + 4  
g) One S t a r t  System  Supply  Solenoid + 18 
+207 
a )  Low Pressure  Helium  Tank  (Not  High) - 1 
b) Low Pres su re   S ing le   S t age   R g .  - 32 
c )  Lower P r e s s .  Manual  Valve - 4  
d)  Lower Press .   Solenoid   Valve  - 4  
- 41 
Net Diff  . + 166 
Blowdown Advantage  over Pump Fed System + 166 
2.  MODULATING P-IIOLJ-&VE AND PULSING PROP.  VALVE 
a) For  Catalyst   System  (Advantage of Pulse   Valve)  
1) Va lve   D i f f e rence  + 29 
2)  Detrimental  t o  C a t a l y s t  - 27 
N e t  D i f f .  " 2  
Pulse  Advantage  over  Modulating + 2 
b) For Thermal Bed Combustor + 29 
1) Valve D i f f e r e n c e  + 29 
2) Detrimental, t o  Thermal Bed 0 
Pulse  Advantage over Modulating + 29 
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Quantitative  comparisons of the  storable  propellant  system  unreliabilities  with 
cryogenic  system  unreliabilities  are shown in Table  14.  The  two  systems  (cryo- 
genic  and  storable)  can  be  compared  in  this  fashion  because  consistent  ground 
rules  and  rating  procedures  were  used. 
TABLE 14 
STORABLE VS CRYOGENIC RELATIVE 
UNRELIABILITY COMPARISON 
Cryogenic  Range 704 to  1105 
I Storable Range 508 to 602 
The apparent  advantage of the  storable  systems  is  due  to  several  factors: 
1 Pump  power  is  taken off the  gear box compared to separate  drive 
for  cryogenic  system 
Amount 
a) No hydraulic  motor + 90 
b) No hydraulic  servo + a  
2. Blowdown  system is for single propellant  €or  storable  and  dual 
propellant fox cryogenic system. 
3.  Cryogenic  regulators  and servo valves  contributed  significant 
unreliability. 
A significant  factor  in  the  consideration  of  a  storable  system  is  the  require- 
ment  for  maintenance  to  achieve a high  “in  flight”  reliabiltty. A s  the  number 
of  flights is increased,  reliability  is  significantly  degraded on all  hydrazine 
components  requiring  close  tolerances,  tight  clearances,  and  sliding  fits  due 
to  detrimental  effects  of  propellant  residuals.  Hydrazine  in  extended  use 
leaves  a  residue  which  can  reduce  valve  response  times  or  in  the  extreme 
prevent  valve  movement.  Achieving  high  reliability  levels  therefore  is 
dependent on frequent  maintenance  with  its  attendant  costs, and this  aspect is 
discussed  next. 
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$ Fcintainability 
The  maintainability  characteristics  of  the  monopropellant  systems  were  com- 
pared  on  a  preliminary  basis.  Both  scheduled  maintenance  (checkout,’  servic- 
ing,  etc.)  and  unscheduled  maintenance  (corrective:  replace,  repair,  etc.) 
were  considered. 
The  monopropellant  systems  are  expected  to  require  significantly  fewer 
unscheduled  maintenance  actions  than  cryogenic  systems  because  the  failure 
rate  is  less.  This  advantage  is  partially  offset  by  increased  average  time‘ 
for  corrective  action  on  the  propellant  subsystem  caused  by  the  potentially 
hazardous  nature  of  residual  propellants.  The  monopropellant  advantage  is 
amplified  by  ‘a  reduced  spares  inventory,  especially  of  costly  complex . 
devices  (regulators, etc.). 
Scheduled  maintenance  is  more  expensive  for  the  monopropellant  systems. 
Because no other  space  shuttle  subsystem  would  require  hydrazine,  certain 
unique  non-recurring  expenses  must be attributed  to  a  monopropellant APU. 
These  include :
1. 
2. 
3 .  
Facilities.  APU-unique  hydrazine  loading  and  safing  facilities 
and GSE would  be  required. It is  assumed  that  for  the  most  part, 
these  are  not  now  in  the NASA inventory. 
Support  requirements  would  be  mor  extensive  and  costly  in  the 
areas  of  training,  handbooks,  and  personnel  skill  levels  because 
of the  APU-unique  propellants. 
Safety  requirements  for  hydrazine,  while  within  state-of-the-art 
capabilities,  are  complex  and  inconvenient. 
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4. As a minimum,  inspection  (boroscope  or  direct  visual) of the catalyst 
would be required each mission duty cycle. Replacement  prior to com- 
pletion of 100 starts (the NASA goal  for  the  Space  Shuttle) is ex- 
pected, with replacement  every  flight possible. 
Another  possible  contributor to high  scheduled  maintenance cost may be  the 
necessity  for  extensive  post-flight decontamination of propellant  system  com- 
ponents.  Residual  hydrazine  can  cause  operational  problems with controls 
components which incorporate close-tolerance fits  between moving parts. 
The hydrazine  systems  employed  in  current conrmercial aircraft APUs are for 
emergency  operation  only;  they  are not normally used. Aircraft APUs are  gen- 
erally gas turbine devices utilizing  aircraft  propellants. 
Conclusions 
1. Thermal-bed systems appear to have a reliability  advantage  over  the 
cryogenic  systems if  they  are  not  degraded by residual  propellant. 
2. Catalytic  decomposition appears to present the  greatest  reliability 
risk because  of  the  uncertainty  of  the  catalyst bed reliability, 
especially for  restart. 
3. Blowdown  systems  are more reliable than  pump-fed  systems. 
4. The pulsing  valve  offers no clear  reliability  advantage Over the 
modulating valve. The pulsing  valve  would  degrade  the  catalyst; 
effect  on the  thermal  bed  would  be  less  detrimental. The modulating 
valve  must  incorporate  close  tolerance  dynamic  fits;  this is potenti- 
ally  susceptible to degradation from residual  propellant. 
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5.  Maintenance  costs  for  the  storable  propellant  systems  will  be  sig- 
nificantly  higher  than  for  the  cryogenic  systems.  The  pr-imary  cost 
penalties  are 
Special  facilitles  and  equipment  required  for  the  storable 
propellants 
More  extensive  post  flight  decontamination  that  may  be  required 
for components  subject to malfunction  caused by residual  propellants 
Higher  cost of corrective  maintenance  per  action the  propellant 
subsystem,  necessitated  by  safety  precautions. 
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CONTROL SYSTEM FSLIABILITY COMPARISON 
T h i s  s e c t i o n  p r e s e n t s  t h e  r e s u l t s  of a r e l i a b i l i t y  a n a l y s i s  of two candida te  
propel lan t  cont ro l  sys tems:  
1. Pu l s ing  b ip rope l l an t  va lve  t o  introduce oxygen  and  hydrogen t o  t h e  
turbine combustor  a long with an zssociated turbine speed feedback 
con t ro l  loop 
2 .  Modulat ing  bipropel lant   valve  and  control   oop.  
The ear l ie r  r e l i a b i l i t y  s t u d y  f o r  t h e  p u r p o s e  of system comparison considered 
o n l y  r e l a t i v e  f a i l u r e  ra te .  I t  concluded   tha t   there  was l i t t l e  d i f fe rence   be-  
tween a modulating and pulsing system, and t h a t  d i f f e r e n c e  was wi th  the  va lves .  
This  s tudy  explored  the  sever i ty  of  e f fec t  as well as p r o b a b i l i t y  of f a i l u r e  and 
r e e v a l u a t e d  t h e  f a i l u r e  rates based  on  be t t e r  de f in i t i on  of component conceptual 
des ign  and APU mission duty cycle .  
A f a i l u r e  mode and e f f e c t  a n a l y s i s  was conducted to:  
1. ident i fy   the   p redominant  component f a i l u r e  modes 
2.  d e t e r m i n e  t h e  e f f e c t  of e a c h  f a i l u r e  on APU opera t ion  
3 .  c a t e g o r i z e   t h e   c r i t i c a l i t y   o f   t h e   e f f e c t  
4 .  appor t ion   t he   e s t ima ted   f a i lu re  rates among t h e  c r i t i c a l i t y  c a t e g o r i e s  
t o  e v a l u a t e  t h e  r e l a t i v e  p r o b a b i l i t i e s  of more severe f a i l u r e  modes. 
Functional Analysis 
I n  o r d e r  t o  f u l l y  d e f i n e , t h e  component f u n c t i o n s  i n  t h e  e n t i r e  c o n t r o l  l o o p ,  
functional  block  diagrams were crea ted .   F igure  98 i s  the  funct ional   diagram 
fo r  t he  pu l s ing  sys t em and Figure 99 i s  the diagram for the modulating control 
system. 
Although the valve designs are in  the  concep t  s t age ,  some basic assumptions 
were made as t o  t h e i r  c o n f i g u r a t i o n s :  
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1. 
2. 
3. 
4 .  
The  valves  would  be  a  singly  actuated  bipropellant  valve rather
than  two  separate  valves  electrically  linked. 
The  main  flow  control  devices  would  be  mechanically  linked to 
provide  positive  mixture  ratio  control. 
The  pulsing  valve  would  be  a  torque  motor  actuated  flapper type 
valve  similar to the RS-14 bipropellant  valve. 
The  modulating  valve  would  be  a  torque  motor  mechanically  linked 
valve,  flow  resistance  being  inversely  proportional  to  applied 
voltage.  The  valve  would  be  spring-loaded  closed. Flu? control  could 
be by pintles,  spools,  balls  or  cylinders,  or  gates. 
Consideration  was  given  to  a  modulating  system  which  employed  a  two-stage 
valve  that  remained  in  a  fixed  position  until  commanded  to  translate.  This 
system  concept was rejected  without  detailed  study  because: 
1. The  valve  and  electronic  control  assembly (ECA) failure  rates  would 
be  higher  than  for  the  other  systems. 
2. A predominance  of  failure  modes  would  result  in  more  critical  failure 
effects. 
A safety  cutoff  subsystem  is  necessary  for  both  the  modulating  and  pulsing 
subsystems  in  order  to  prevent  turbine  overspeed  failure  from  continuing  to 
turbine  destruction.  The  safety  cutoff  subsystem  must  have  the  capability  of 
shutting  down  the APU in  the  event  of  a  permanent  or  transient  condition  allow- 
ing  turbine  overspeed  or  of  a  gearbox  failure.  The  gearbox  output  transducer 
(perhaps  the  alternator)  and  associated ECA must  be  independent  of  the  primary 
APU controls  and  should  have  the  capability  for  manual  reset to allow  reuse  of 
the APU in the  event  a  transient  condition  was  responsible  for  the  overspeed 
cutoff.  The  overspeed  cutoff  circuit  must:  also  close  the  propellant  supply 
solenoid  valves  in  the  event  a  valve  open  failure  is  responsible  for  the 
overspeed. Thus, the  overspeed  cutoff was considered  as  being  part  of  the  system 
rather  than  just  a  recommendation  and  the  result  was  a  lessening  of  the  severity 
of the  criticality  of  some  of  the  failure  modes. 
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This  study  also  pointed out the  need  for  determining  the  redundancy  and 
failure  detection/compensation  equipment  necessary  to  prevent  catastrophic 
failures  and/or  significantly.  reduce  system  probability  of  failure. 
Failure  Mode  and  Effects'  Analysis . .  
Each  operating  component  in  the  control  loop  shown  in  Figs. 98 and  ggwas 
analyzed  and  the  Failure  Mode  and  Effects  Ana'lysis.included  the  following: 
1. Component  functional  description 
2. Failure  modes  including  typical  causes  for  the  failure  mode 
and  conditions  in  the  system  giving  the  appearance  of  the 
failure  mode .
3. 'Failure rate  apportionment - (described  below) 
4 .  Criticality  rating  (Table 15) 
5. ,Effect of  the  component  failure  mode  upon  the  operation  of  the 
APU  for  each  operational  phase 
6. Provisions for detecting  the  failure  mode  and  methods  for 
compensating  or  overriding  the  effects of the  failure  mode,  as 
' applicable. 
The  principal  output of the  Failure  Mode  and  Effects  Analysis is 
summarized  in  Tables  16  and 17 . Table 15 shows a sununary  .reliability 
comparison  based  on  the  breakdown  presented  in  Tables 16 and 17. Four 
levels  of  criticality  are  defined: 
I. Loss with  Hazard.  Permanent  disablement of APU  with  hazard  to 
vehicle or crew. 
11. Loss. Permanent  disablement  of  APU,  no  hazard,  including  shut- 
down  and  failure  to  start  or  restart. 
111. Shu'tdown.  APU  'shutdown  safety,  but  can  be  restarted  (shutdown 
by  overspeed  overspeedprotection  subsystem). 
IV. Performance.  APU  steady  state  or  dynamic  performance  is 
outsi.de  specified  limits,  with  total  mission  requirements  not 
met  in  the  extreme  case. 
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CRITICALITY OF 
FAILURE 
I. Loss with Hazard . Permanent 
disablement of APU with hazard 
to vehicle or crew. 
11, L o s s .  Perrnancnt disablement 
of APU, no hazard, including 
shutdown and f a i l u r e  t o  
s t a r t  o r  r e s t a r t .  
111. Shutdovn. APU shutdown safety, 
but can bc r e s t a r t cd  
(shutdown by ovcrspeed 
overspced protection subsystem). 
I 
~ 3.0 
16.6 
5.1 
2.8 
10.2 
1L1 .o IV. Performance. APU steady s t a t e  178.5 
or dyncmic performance i s  
outsiclc specific4 limits, with 
t o t a l  mission requirencnts not 
met i n  the estreme cnse. 
. ,. ~ - I 
TOTAL 161 
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TABLe 16 
RELIABILITY RATING 
MOIWLATING SYSTEM 
UmmUEm 
Fallure Mode 
Transducer,  Turbine  Speed 
1. Sum of All  Modes 
Transducer - TOTAL 
Electronic  Control  Assembly  (ECA) 
1. Fail  to  Provide  Power 
2. Power  Level  Low 
3. Throttle  Transition  Shift-Low 
4. Throttle  Transition  Shift-High 
5. Non-Linear  Response 
6 .  Hysteresis 
7. Control  Voltage  Shift-High 
8. Control  Voltage  Shift-Low 
ECA - TOTAL 
Valve,  Modulating 
1. Hard  Over-Full  Open 
2. Hard Over-Nl Closed 
3. Inaccurate  Position  Control 
4. slow Opening 
5. Slow Closing 
6. External  Leakage 
7. Flow Restriction 
Valve - TOTAL 
Ignition  System 
1. Fail  to Spark 
2. Fail  to  Terminate Spark 
3. Low  Power 
Ignition - TOTAL 
Combustor 
1. Improper Mixing 
2. External  Leakage or Rupture 
3. Extinguishment of Combustion 
Combustor - TOTAL 
Turbine 
1. Low Efficiency 
2. Fails  to  Start 
3. Structural  Failure 
4. External  Leakage 
Turbine - TOTAL 
MODULATING SYSTEM - TOTAL 
?AILLRE 
MODE 
UTING 
2.0 
5 2:oA 
1.0 
3.0 
2.0 
2.0 
2.0 
2.0 
9.0 
9.0 
1.0 
3.0 
40.0 
14.0 
8.0 
16.0 
2.0 
0.3 
4.6 
0.1 
12.0 
2.0 
17.5 
1.5 
1.0 
4.0 
, , , , I /  
61.0 
;c.; 7 
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l- LOSS SHUTDOWN 
I 1 2.0 
3.0 
2.0 
1.0 
0.9 
0.1 
0.4 Os3 I 
2.0 I 
1.5 
-0.2 I 7.0 
PERFORMANCE 
LOSS 
2.5 
2.0 
1.5 
2.0 
2.0 
8.0 
38.0 
14.0 
7.0 
15.0 
0.1 
4.2 
11.5 
1.8 
17.0 
3.5 
141.0 
TABLE 17 
RELIABILITY RATING 
PULSING SYSTEM 
.. 
COMPONENT 
Failure Mode 
Transducer, Turbine Speed 
1. Sum of all Modes 
Transducer - TOTAL 
Electronic Control Assembly (ECA) 
1. F a i l  t o  Provide Power 
2. Power Level Low 
3. Switch Locked O f f  
4. Switch Locked On 
5. D r i f t  i n  Output-Low 
6. D r i f t  i n  Output-High 
ECA - TOTAL 
Valve, Pulsing 
1. F a i l  t o  Open 
2. Opens Slowly 
3. F a i l  t o  Close 
4. Closes  Slowly 
5. Internal Leakage 
6 .  External Leakage 
7. Flow Restriction 
Valve - TOTAL 
Ignition System 
1. No Ignition 
2. F a i l  t o  Terminate Spark 
3. Low Power 
Ignition - TOTAL 
Combustor 
1. Improper Mixing 
2. External Leakage or Rupture 
Combustor - TOTAL 
Turbine 
1. Low Efficiency 
2. Fa i l s   t o   S t a r t  
3. Structural   Failure 
4. External Leakage 
Turbine - TOTAL 
HTLSING SYSTEM - TOTAL - " . .. 
FAILURE 
MODE 
RATING 
2.0 p / / / / / L  
1.0 
3.0 
1.0 
1.0 
15 .o 
15.0 
;g;qj 
3.0 
2.0 
1.0 
3.0  
45.0 
16 .o 
2.0 
72 .O'$ 
I ,  
u 
1.8 
0.2 
52.0 
:j$,:cz 
; k;fZ 
12.0 
4.0 
/ /  
1.8 
0; 5 
1 - 5  
4.0 
;i$-o2 
34.0 
Loss 
W I T H  
HAZARD 
CRITICALITY OF FAIUJRE 
~~ ~ 
Loss s- I 
I 2.0 
1.0 
0.5 
1.0 
1.0 
1.0 
1.0 
0.1 
1.8 
0.9 
0.1 
I , , , ,' , , , , , 
5.85% 1.1 1 
1.8 
5 -0 
1'5 I 
2-5 
15  .o 
14.0 
2.0 
2.9 
43 .O 
15.0 
0.2 
46.0 
11.5 
1.5 
17-5 
3.5 
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The  failure  modes  for  each  of  the  operating  components  in  the  coztrol  loop 
were  identified  and  a  value  rating  was  'assigned,  as shown in  t.he  first 
column  in  Table . This  rating  was  then  apportioned  among  the  four . 
levels of criticality.  From  this it is  possible  to  assign  a  relative 
probability  of  system  failure  for  each of the  levels,  (total)  as shown in 
Tab  le . This  was  done for both  the  pulsing  and  the  modulating  systems 
to  permit  an  overall  comparison  to  be  made. As shown  in  Table  15 the. 
modulating  system  was  adjudged  superior  to  the  pulsing  system  based on  a 
comparison  of  the  relative  failure  rates  for  the  four  criticalities. 
The  relative  failure  rates  used  for  each  c.omp.onent  (valve, ECA, trans- 
ducer,  etc)  are  compatfble  with  those of the  original  trade  study. As a 
result of this  analysis,  however,  some  of  the  rates  were  adjusted  prior 
to  making  the  final  surmnation.  Failure  ratios  which  were  changed  from 
the  previous  study are listed  below  accompanied  with  the  reason  for  change. 
1. PULSING  SYSTEM ECA - The  pulsing  system ECA was  increased  to 36 
while  holding  the  modulating  system  to  the  previous 30 because 
of difficulty  in  maintaining  constant DC reference  voltages  in 
transient  conditions  associated  with  the  constant  pulsing  system. 
2. IGNITION  SYSTEM - The  modulating  system  ignition  device  was  re- 
duced  to  a  relative  rate  of 5 while  holding  the  pulsing  ignition 
at 54. The  difference  was  believed  necessary  due  to  the  1OOO:l 
ratio  of  operating  pulses  (pulse  system  to  modulating  system). 
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Conclusions 
It  was  concluded  that  the  pressure  modulating  system  is  somewhat  more 
reliable  than  the  pulse  modulating  systan.  The  difference  is  not 
sufficient  to  warrant  choosing  the  pressure  modulzting  system.  Other 
factors  such  as  system  weight,  cost,  etc.  must be.considered simultaneously 
and  they  may  easily  outweigh  the  reliability  difference.  Also  influencing 
the  comparison  made  here  is  the  status  of  the  design.  Neither  control 
system  has  yet  been  defined  in  detail  at  the  compcnent  level.  Significant 
variations  in  reliability  are  possible  due  to  component  choices  and  redundancy. 
No redundancy  was  assumed  in  the  present  analysis.  An  example of application 
of  redundancy  would  be  use of two  ignition  systems.  This  adds  little weight 
and  cost  but  would  eliminate  about  one  fourth of the relative  unreliability 
of  the  pulsed  system  while  hardly  affecting  the  pressure  modulated  systems. 
The  net  result  of  this  redundancy  would  be  to  make  the  two  systems  nearly 
equal  In  relative  unreliability. 
In  summary,  the  final  choice  between  the  pulse  and  pressure  modulated  systems 
must  be  based  on  more  refined  estimates of reliability as well  as on system 
factors  such  as  system  weight,  operational  characteristics,  etc. 
SYSTEM RELIABILITY CONSIDERATIONS 
The  reliability  of  alternative  subsystems  and  systems  was  discussed  above. 
This  section  considers  system  aspects. 
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I f  the r e l a t i v e  u n r e l i a b i l i t i e s  f o r  t h e  s y s t e m s  are converted to  es t imated 
r e l i a b i l i t y ,  t h e  r e s u l t s  are somewhat below the  des i red  level. This should 
no t  be surprising because no efforts have het been made t o  optimize the com- 
ponents or systems  from a r e1 iab i l . i t y  s t andpo in t .  Fu r the r  r e l i ab i l i t y  ana lys i s  
i s  planned for Phase 11. 
One of t h e  f i r s t  s t e p s  t o  be taken w i l l  be to  ex tend  the  Fa i lure  Mode and 
Effects  Analysis  to  cover  the rest of the APU system. (Only the control sub- 
system has been done so f a r . )  Resu l t s  o f  t h i s  w i l l  h igh l igh t  component areas 
where design and development e f f o r t  might f r u i t f u l l y  be app l i ed  to  improve 
s p e c i f i c  components. 
Application of redundancy i n  some areas w i l l  prove t o  be desirable.  Detained 
study of means of sens ing  f a i lu re s  w i l l  a id  in  avo id ing  po ten t i a l ly  ca t a s t roph ic  
results. Sensing can also be used i n  some ins tances  t o  d e t e c t  i n c i p i e n t  f a i l u r e s  
during ground checkout, thereby allowing repairs to be made. 
I n  summary, it appears  that  an adequa te  r e l i ab i l i t y  l eve l  ove r  t he  des ign  
l i f e  of the  APU can be a t t a ined .  - E f f o r t  i n  Phase 11 w i l l  be d i rec ted  toward 
f inding and assessing means of improving r e l i a b i l i t y .  
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APPENDIX A 
PRE1,IMINARY  ANALYSIS-PHASE IA 
I n  t h e  P h a s e  IA s tudy ,  the  pr imary  candida te  systems were synthes ized  on 
t h e  b a s i s  of pre l iminary  system and  component eva lua t ions .  Var ious  
component or iented combinat ions were eva lua ted  f o r  each of  t h e  t h r e e  major 
subsystems, i . e ,  , Prope l l an t  Feed, Turbo Power U n i t  and Power Controls .  
The Propel lant  Feed Subsystem includes the necessary tankage and pressuriz-  
i n g  o r  pumping equipment as well as the  propel lan t  condi t ion ing  subsys tem.  
si<&ystems were chosen and combined i n t o  v a r i o u s  system combinations 
as shown i n  F i g .  A 1  t o  allow comparat ive evaluat ion f o r  s e l e c t i o n  of t h e  
"best"  combination of components  and  subsystems. The p rope l l an t  systems 
chosen are r e p r e s e n t a t i v e  of t h e  wide range of vehic le  in f luenced  pyopel lan t  
sulpplies which may be a v a i l a b l e .  
The eva lua t ion  i s  intended t o  inc lude  a full assessment of t h e  p e n a l t y  
a s soc ia t ed  wi th  se l ec t ion  of a pa r t i cu la r  p rope l l an t  supp ly .  Fo r  example, 
if a vehic le  subcr i t ica l  hydrogen  supply  i s  eva lua ted  (as i n  Systems A - 1 ,  2, 
3, k ,  5 ) >  t h e  p o r t i o n  of t he  l a rge  p rope l l an t  t ank  used  (SSE tankage) is 
charged t o   t h e  system. 
SYSTEMS 
Three primary system types were evaluated:  
System A - Pumped LH2*- 
System B - P r e s s u r i z e d  S u p e r c r i t i c a l  H2* 
System C - Low Pressure Gaseous H2/02 
9 I n  all cases, t h e  O2 tankage was taken  as p r e s s u r i z e d - s u p e r c r i t i c a l .  
2 40 
N 
P 
SYSTEM A - PUMPED LH2* 
PROPELLANT 
SYSTEM 
TPU POWER CONTROL - -
5 
SYSTEMS  EVALUATED 
6 
T 
TURBINES 
n 1 STAGE B SUBSONIC 
4 STAGE 
PRESSURE COMPOUND 
: O 2  SUPERCRITICAL  PRESSURIZED 
- 
I SYSTEM B - PRESSURIZED  SUPERCRITICAL H2*l 
PROPELLANT 
SYSTEM - - TPU CONTROL POWER 
PULSE 1 
PRESSURE 2 
PRESSURE 6 
SYSTEM  C - LOW PRESSURE  GASEOUS H2 & 02 
PROPELLANT 
SY STEH TPU - CONTROL POWER 
35 P S I A  
u r n  I""" 
- I PULSE I 5 
7 AREA I 6 
VEH I CLE 
20 P S I A  
PULSE 
The  mission  profile  used  for  .the  preliminary  study  is  shown  in  Fig. A2.  
The  power  flow  for  the  corresponding  peak,  mode  and  idle  conditions  are 
shown in  Fig. A 3 .  A simplified  -road  map  ident.ifying  the  various  aspects 
of  the  most praising candidate  systems  is  shown  in  Fig. A k  Following 
selection  of  these-  systems  from  the 21 systems  evaluated  (Fig. A l )  the 
remainder of Phase I effort is devoted  to  selecting  the  best  subsystems 
comprising a' single  system. 
System  Results 
Figures A S ,  A 6  and A7 present some key  system  optimization  results  obtained. 
Optimum  supply  pressure (PT) and  pressure  rations  (PT/Pe) czn be  selected 
for  System A and B for  various  combinations  including  pressure  modulation 
and  pulse  power  control  for  two-stage  supersonic  velocity  compound and four- 
stage  subsonic  pressure  compounded TPU's. The  results  are  representative 
of  data  generated  through  use of a direct  access  digital  computer  system 
optimization  program.  This  progrzm  utilizes  the  various  component  performance 
and  weight  characteristics  generated  under  the  component  screening  portion 
of Phase I, along  with  the  Statement-of-work (SOW) mission  profile  as  per 
Fig. A 2 .  The  program  was  .constructed i n  a flexible  manner so that  input 
changes  can  easily  be  implemented,  i.e.  mission  profile  modifications, 
vehicle  application  changes,  orbiter  tankage  conditions  as  compared  to 
booster, or component  characteristics  such  as  off  design  turbine  performance. 
Figure A7 illustrates  the low pressure  gas  system  optimization. 
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FIGURE A 7  
For th i s  ana lys i s ,  a l l  the  gaseous propellant 
assumed chargeable t o   t h e  APIJ system. 
used plus 546 reserve wss 
Figures A 8  and A9 i l lust rate   the  propel lant   port ion of the system weights 
associated with the various systems. 
FigureAlO shows how System A and B a re  weight optimized for  various power 
control and turbine types. System A, the hydrogen pump fed system, tends 
t o  optimize a t  medium t o  high turbine inlet pressures while System B, t h e  
hydrogen supercrit ical  storage system, optimized e t  the lowest pressure 
consistent w i t h  keeping t h e  hydrogen stored supercrit ically.  It should 
be noted t h a t  the entire weight penalty associated with supercritical 
storage for the booster vehicle is included i n  t h i s  optimization*. Gptimi- 
zation with various possible booster tanks was conducted, but the integration 
uith possible RCS tanks was used f o r  i l l u s t r a t i o n  i n  Fig.Al0. Figure A 1 1  
compares system A,  B and C for  typ ica l  tankage configuration, and Fig.Al2 
shows specific propellant consumption for some representative systems a t  
the most important mission conditions. 
The sens i t iv i ty  of the systems t o  changes in t o t a l  energy requirements 
associated with possible mission profile changes was evaluated and is  
i l l u s t r a t ed  in Fig. A 1 3  andAl4,. Booster conditions were improved on the 
optimization. For orbiter profiles,  the tankage would tend t o  be heavier 
on a specific weight basis due to the longer storage requirements. 
* Tankage Support Structures (mounting brackets, etc. ) were not included 
due t o   t h e i r  dependence on concurrent vehicle studies i n  progress. 
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6 'i' System Evaluation 
The purpose of preliminary system evaluation was t o  provide a r.pdxi.tative 
basis for  select ion of the most promising components, subsystems, and 
systems. A survey was conducted of the var ious cr i ter ia  a d  techniques 
cur ren t ly  in  use on the various Space Shuttle vehicle, engine znd zuxilizry 
system studies.  Gn the basis of the survey and discussion held with the 
NASA program monitor, a rating technique was devised, as i l l u s t r a t ed  i n  
Fig.Al5, A16 and A17.  The weighting as shown i n  Fig.Al5 re la tes  211 items 
to  cos t  and r e l i a b i l i t y .  There are indications that i n  l a t e r  work, a l l  
items including reliability can be put on a cost  basis.  
A strong emphasis (2&) was placed on f lexibi l i ty .  In  referr ing to  Fig.  A 1 7  
it should be noted tha t  items such as mission profile, power levels,  turn 
down ratios, requirements for  Orbiter/Booster commonality and propellant 
sources axe a l l  qu i te  e las t ic  at t h i s  stage of the overell Space Shuttle 
Vehicle Studies. For t h i s  reason, it is highly desirable to select  APU 
designs which a re  " f lex ib le"  in  the i r  ab i l i ty  to  accommodate to  these 
vehicle/mission imposed changes. Figure Al6 i l lustrates the ranges and 
technique used to quantity ratings for weight and r e l i a b i l i t y  based on the 
spread in quantitative results described previously in the system synthesis 
work. Manufacturing cost  was done i n  a similar manner. FigureA17 i l l u s t r a t e s  
the multiple ballot technique used t o  quantify the three quzlitative rating 
items, f l ex ib i l i t y ,  development r i sk ,  and maintainability. Three systems 
oriented engineers, closely associated with the APU project, were given 
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3 EVALUATIONS  PERFORMED - RESULTANT  RATINGS  AVERAGED 
a 
ballots similar t o  the "typical" ballot of Fig.Al7 and were asked t o  
rate each system on each item. The results of these ballots were then 
tabulated, inspected f o r  significant deviations and averaged to obtain 
the necessary quantitative ratings. 
The ratings for each system are slmrmnrized i n  Fig. A18, 419 and A20. Data 
is also  presented  for  the  actual system optimized weight and for the design 
conditio-, i. e.  turbine  inlet  pressure (PT) and pressure  ratio ( PR) . 
Fig. A21 slmrmnrizes the ratings for each of the systems f o r  convenient 
coplrparrisons and presents the  optimum weight as well. 
The system evaluation was conducted in  a manner t o  alow certain key 
cmparisons t o  be made on a consistent basis. Fig. A22 shows which of 
these comparisons have been carried out to date. The results of these 
comparisons and scme key conclusions are shown in Figs. A23 through A27. 
PROPEIJANT FEED SYSTEM 
The propellant and feed system design considerations included i n t h e  study 
have been: 
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THERMAL DYNAMICS 
CONJ3ITIONING CONTROL 
Certain of the key factors   enter ing  into  the component design are summarized 
in   F ig .  A28. 
Tankage 
Fig. A29 and A30 i l l u s t r a t e  some of the results of the tankage study. 
These results represent the weight of tankqe associated with a par t icular  
quantity of propellant  typical of a booster mission (Fig.A29) and orbi ter  
mission (Fig.A30) . Data has been generated for tankage weight as a function 
of propellant weight and some of th i s   da ta  is presented in  Fig.A31 for both 
booster and orbi ter .  In Fig.A31 the effect  of ut i l iz ing different  propel lant  
supply tankage is i l lus t ra ted .  The resu l t s  are  expressed i n  pounds of 
chargeable tankage weight per APU. Tankage for various conditions such as 
one tank for  each APU One one tank for four APU ({GI and main vehicle 
tankage for  each APU (SSE-%, RCS-02) is i l lus t ra ted .  
' 
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WH = 332 LBS (LOADED) 
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TANK  WEIGHT  CHARGEABLE TO APU  FOR SHARED  PROPELLANT  TANKS 
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0 BOOSTER I NSULAT I ON : CORK ( P R E V ~ N T S  CRYOPUMP I NG) 
.ORBITER INSULATION: GOODYEAR HPI, P =  2.7 L;j (INSTALLED) 
A L  HONEYCOMB OUTER  SHELE, p = 3 LB/FT3  
CLAD  BOTH  SIDES  .016"  AL 
EXPULSION 95%; 5% ULLAGE END  OF LOADING; 5% PROPELLANT RESERVE 
SUPERCRITICAL HYDROGEN PRESSURE = 250 P S l A  
SUPERCRITICAL OXYGEN PRESSURE = 800 P S l A  
PUMPED HYDROGEN TANK  PRESSURE = 40 P S l A  
FIGURE A31 
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Fig. A32 shows  the  Rocketdyne  generated  specific  tankage  data  ccaupared 
with  certain  predictions  presently  being  used  in  the  Space  Shuttle  vehicle 
s tudies . 
Compressor  Augmentation 
The  application of a cmpressor w a s  investigated  to  boostJthe  pressure of 
propellant gas from  the low pressure  tankage  source,  where  ullage gas may 
be  available.  Fig ..A33 indicates  that  for low A P the  shaft  power  requirement 
is  acceptable  if  saturated  gas in the  range of 4.09 is  available.  For  super- 
heated gas at higher  temperatures,  however,  the  power  required  becomes 
excessive,  particularly  at  higher AP. At  this time, accurate  estimates of 
the  expected  inlet gas temperature  from  the low pressure  tankage  are not 
available. 
FQ. A34 illustrates  the  difference in requirements  for  campressors 
operating  at 43% and 232% and  canpares  these  compressors  with a pump 
sized  to  perform a similar  job.  It  appears  then  that,  while  inlet gas 
temperatures may be  expected  to  be  somewhere  between 40% and 230% if low 
P is  acceptable,  compressors may offer a viable  solution to the  use  of 
low pressure  ullege gas from  main  propellant  tankage. 
Pumping  Systems 
A study  is in progress  to  select  the  most  promising  hydrogen  pump  system 
for  use  in  high  combustor  pressure  systems.  Fig 0. A35 illustrates  four 
of the  most praising systems  under  evaluation.  Fig. A36 summarizes the 
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PROPELLANT  TANKAGE  SPECIFIC  WEIGHT 
HYDROGEN OXYGEN 
LOADED  H2 = 1 . 1 1  BURNED H2 LOADED O2 = 1 . 1 1  BURNED O2 
SPACE D I V I S I O N  NAR 
500 P S I A ,  2219 AL 
(ORBITER)  5. F. = 2.0 
ROCKETDYNE. 500 P S I A .   O R B I T E R  
250 PSIA  ROCKETDYNE.  500 P S I A .  BOOSTER 
ROCKETDYNE  PUMP  FED. 
ORBITER.  40 P S l A  
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OXYGEN  WEIGHT  (LOADED), LBS 
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A35  
PUMP CHARACTERISTICS AND APPLICABIL ITY 
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investigation  presently  in  progress,  to  select a pump for  the  "best" of
the  various  pumping systems of Fig.A35. At  present, no selection  has 
been made since  characterization of the  various  most  pranising  pumps  is 
in  progress.  Application of the Mark 36 centrifugal  pump  in  single  or a
two-stage  configuration  is  being  hvestigated. Figure A37 shows some 
experimental  results of the Mark 36 ccrmpared  with  the APU requirements. 
h.opellant . . Conditioning  Heat  Exchanger 
A design  study  was  undertaken to deternine  the  requirements for 
conditioning  the  hydrogen  uelng  the TPU exhaust gas. The study  indicated 
that  steady  state  heat  exchanger  requirements  are  not  expected  to  be 
severe and the  next  aspect of the  study will be concerned with  transient 
conditions  including  startup and shutdown. 
Propellant  Feed  System  Line and Valve  Losses 
Representative  line and valve loss conditions  are shown in Fig. AS8 for 
the  two  most  sensitive  systems B and C. Weights  quoted  in  the  Systems 
section  were  based on ccanponents and lines sized  for  these  pressure  drops. 
Turbine Desiepls 
Information was generated for families of turbines in order  to  provide 
conponent  performance ami weight  information  for  the  system  optimization 
program.  Design  point a d  off design data were  generated  for  each of system 
design points shown in Figures A5, A6 and A7. Figures A39 through A42 
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FIGURE A37 
P U N  
LOU PRESSURE SYSTEH 
HYDROGEN 
OXYGEN 
PUMP 
HIGH PRESSURE (SUPERCRITICAL STORAGE) 
HIGH-PRESSURE, FOUR-STAGE TURBINE 
TYPICAL FOR  SYSTEM A3 
DES 1 GN PO I NT OFF - DES IGN 
COMBUSTION  PRESSURE 
EXHAUST  PRESSURE 
COMBUSTION  TEMPERATURE 
T I P  SPEED 
ROTATIVE  SPEED 
DIAMETER 
DESIGN  POINT - E F F I C I E N C Y  
O D E S I G N   P O I N T  - SPC 
N 
(D 
(r, * T U R B I N E  ASSEMBLY - WEIGHT 
*TURBINE  ASSEMBLY - I N E R T I A  
300 PS I A  
1470 F 
1800 FT/SEC 
80,000 RPM 
5.15 IN .  
6.2 PSIA 
51.9 LR 
9.4 X 10-3 
L B - F T - S E C ~  
0 
0.1  0.3 0.5 1 .o 3 . 0 '  5.0 10.0 
PRESSURE R A T I O I D E S I G N  PRESSURE R A T I O  
STAGE DATA 
STAGE  NUMBER 1 2 3 4 
VELOCITY  RATIO,   U /Co 0.283 0.292 0.313 0.335 
BLADE  HEIGHT, I N  0.144 0.268 0.350 0.371 
* T I P  CLEARANCE, I N .  0.01 2 0.012 0.012 0.012 
@DEGREE OF ADMISSION 0.22 0.29 0.54 0.7 
* R E L A T I V E  MACH  NUMBER 0.877 0.905 0.869 0.860 
FIGURE A39 
HIGH-PRESSURE, VELOCITY -STAGED TURBINE 
TYPICAL OF SYSTEMS B1, 83, 8 4 ,  AND B5 
DES I GN PO I NT OFF - DES IGN 
COMBUST I ON PRESSURE 
*EXHAUST  PRESSURE 
*COMBUSTION  TEMPERATURE 
* T I P  SPEED 
* R O T A T I V E  SPEED 
D I AMETER 
I\) 
4 
DESIGN  POINT - EFFIC IENCY 
0) * D E S I G N   P O I N T  - SPC 
* T U R B I N E  ASSEMBLY - WEIGHT 
* T U R B I N E  ASSEMBLY - I N E R T I A  
150 P S l A  
6.2 P S l A  
1470 F 
1800 FT/SEC 
80,000 RPM 
5.15 IN .  
.548 LB 
2.28 - 
HP - HR 
20.2 L B  
3.46 X 10-3 
LB-FT-SEC~ 
PRESSURE  RATIO/DESIGN PRESSURE RATIO 
STAGE DATA 
STAGE NUMBER 1 2 
VELOCITY RAT IO, U/Co  0. I78 0.371 
BLADE  HEIGHT,  IN. 0.366  0.535 
* T I P  CLEARANCE, IN. 0.012  0.012 
*DEGREE OF ADMISSION 0.60 1 .o 
RELATIVE MACH NUMBER 2.03 0.659 
m m  A40 
LOW-PRESSURE (35  PSlA) , TWO-STAGE TURBINE 
TYPICAL OF SYSTEMS C1,  C2, AND C3 
DES I GN PO I NT OFF - DES IGN 
0 COMBUST I ON PRESSURE 
EXHAUST PRESSURE 10 .45   PS lA  
COMBUSTION TEMPERATURE 1 4 7 0  F 
T I P  SPEED 1 8 0 0  FT/SEC 
ROTATIVE SPEED 60,000 RPM z 
DIAMETER 6.87 IN. 
2 1.0 - 30. PSIA W - 
u 
LL 
LL 
W 
- 
(I 
v) 
- 
\ * 
V z 
W 
0.5 - 
O D E S I G N  POINT - EFFICIENCY -695 L B  
N 0 DESIGN  POINT - SPC 
W 4.16 H m R  - 
W 
TURBINE ASSEMBLY - WEIGHT 43.7 LB 
.TURBINE ASSEMBLY - INERTIA  1 .16 X 
u 
L 
LL 
W 
LB-FT-SEC 2 1 I I I I 0 
0.1 0.3 0.5 1 .o 3.0 5.0 IO 
PRESSURE RATIO/DESIGN PRESSURE RATIO 
STAGE DATA 
STAGE NUMBER 1 2 
VELOCITY  RATIO,  U/Co 0.374 0.371 
BLADE  HEIGHT,  IN. 0.62 0.62 
T I P  CLEARANCE, IN. 0 .016  0 .016 
0 DEGREE OF ADMl S S l  ON 1 .o 1 .o 
RELATIVE MACH  NUMBER 0.555 0.586 
LOW-PRESSURE (20 PSIA), SINGLE  STAGE TURBINE 
TYPICAL OF SYSTEMS C7  AND C8 
DESIGN  POINT 
COMBUST I ON. PRESSURE 17. P S l A  
EXHAUST PRESSURE 1 5 .   P S l A
.COMBUSTION  TEMPERATURE I470 F 
* T I P  SPEED 1 8 0 0  FT/SEC 
ROTAT I VE SPEED 20,000 RPM 
D I AMETER 20.6 IN .  
.DESIGN  POINT - EFFICIENCY .868 LB 
ODESIGN  POINT - SPC 25.1 - HP - HR 
.TURBINE  ASSEMBLY - WEIGHT 309. L B  
.TURBINE  ASSEMBLY - I N E R T l A  0.26 LB-FT-SEC’ 
STAGE DATA 
STAGE NUMBER 
VELOCITY RAT IO 
0 BLADE  HEIGHT,  IN. 
. T I P  CLEARANCE, IN .  
0 DEGREE OF  ADMISSION 
RELATIVE MACH NUMBER 
1 
0.744 
1.94 
0.050 
1 .oo 
0. I64 
i l lus t ra te  some of the data available from the study. Each of the figures 
describe a turbine where an evaluation has been conducted to  establish 
t h a t  a "real" turbine is being represented. For example, stress margins 
have been evaluated and blade heights, admission arc and flow angles 
revised  fran optimum with appropriate pe r fomce   pena l t i e s  where required. 
In a like manner, realist ic  t ip  clearasces were utilized and performance 
penalties included. 
Combustor Assembly 
The primary effort  involved a ccrpparison between high pressure (System 
A and B) and low pressure (System C) cambustor assemblies. The result  of 
these studies is summaxized in Hg. A43. A dig i ta l  dynamic model w a s  con- 
structed f o r  both cambustors and as seen in Fig.A44 andA45 both conibustors 
appear t o  lend themselves t o  acceptable pulse pwer control operation. The 
problem of canbustion stability  for  pressure modulation power control w a s  
investigated and is SlmmRrized in Fig.A46. While the high pressure canbustor 
should be acceptable in both control modes, the low pressure cmbustor is 
seen to  be acceptable f o r  pulse mode control though mazginal with pressure 
modulation control. Turbine nozzle area control appears unacceptable. 
High and Low Pressure TEU Caolparison 
Fig. A47 i l lustrates the high and low pressure THI assemblies for comparison 
purposes and FlgoA48 shows two typical linked bipropellaat  valves  for can- 
parative purposes. The turbine assembly is seen t o  be ccmparable for high 
and law pressure while the low pressure canbustor assembly represents the 
major size and weight difference between assemblies. 
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TYPICAL GAS  GENERATOR 
4-ON-1  INJECTOR 
SECONDARY FUEL I NJECT ION 
msPARK IGNITER I- INSULATION 
HIGH PRESSURE COMBUSTOR 
TYPICAL  CHARACTERISTICS 
(PEAK POWER 
I PARAHETER 
CHAHBER  PRESSURE, PSlA 
FLOUMTE (TOTAL, INSTANTANEOUS),  LB/SEC 
GO2 (INSTANTANEOUS), LB/SEC 
GH2 (INSTANTANEOUS),  LB/SEC 
MIXTURE RATIO, O/F 
COflBUSTlON  TEHPERATURE, F 
CHARACTERISTIC VELOCITY, FT/SEC 
COflBUSTlON EFFICIENCY (TC* ) ,  PERCENT 
COHBUSTION  PRESSURE TRANSIENT START 
PLUS CUTOFF, HI  LLI SECONDS I 
LOU  PRESSURE 
SYSTEH 
30 
0.315 
0. I48 
0.167 
0.83 
I550 
7600 
95 
38 - 
ASSEMBLY DESIGN 
HIGH PRESSURE 
SYSTEH 
300 
0.152 
0.0715 
0.0805 
O.& 
1550 
7600 
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26 
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LOW PRESSURE COMBUSTOR 
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NOTES : 
( 1) L I NKED B I PROPELLANT  VALVE : 
(a) SIMULTANEOUS  OPENING IN 6 MILLISECONDS 
(b) 6 MILLISECONDS  H2  VALVE  LAG ON CLOSURE TO INSURE  SAFE ( -c 1 .O) 
(2) IDEAL  REGULATION  OF  PROPELLANT GAS CONDITIONS  AT  VALVE  INLET, i .e . ,  
(3 )  I G N I T I O N  DELAYED  FOLLOWING  VALVE  OPENING DUE TO ASSUMED  SPARK  RATE OF 
(4) (a) 6 MILLISECONDS  COMBUSTION PRESSURE BUILDUP  TIME  INCLUDES  VALVE 
MIXTURE  RATIO  TRANSIENT 
ZERO D I FFERENT IAL PRESSURE AND TEMPERATURE 
200 SPARKS/SEC  AND C R I T E R I A  OF PC > 1.0 AND MR > 0.9 
ACTUATION  TIME,  SPARK  DELAY, AND COMBUSTOR CAPACITANCE  LAG 
(b) 20 MILLISECONDS  COMBUSTION  PRESSURE  DECAY  TIME  INCLUDES  VALVE 
ACTUATION  (WITH  H2  VALVE  LAG) , AND COMBUSTOR CAPACITANCE  LAG 
COMBUSTOR PULSE TRANSIENT CHARACTERISTICS-LOW PRESSURE SYSTEM 
NOTES : 
( 1) L I NKED B I PROPELLANT VALVE: 
(a) S IMULTANEOUS OPEN I NG I N 20 M I L L  I SECONDS 
(b) 6 MILL I SECONDS H2 VALVE  LAG ON CLOSURE TO  INSURE  SAFE (< 1 .O) 
MIXTURE  RATIO  TRANSIENT 
(2) IDEAL REGULATION OF PROPELLANT GAS CONDITIONS AT VALVE INLET, i .e., 
ZERO DIFFERENTIAL PRESSURE AND TEMPERATURE 
(3) lGN l   T lON DELAYED  FOLLOWING  VALVE OPEN1 NG  DUE  TO ASSUMED SPARK RATE OF 
200 SPARKS/SEC AND CRITERIA OF PC > 1.0 AND  MR >O.g 
(4) (a) I5 M I L L  I SECONDS COMBUSTION PRESSURE BUILDUP  TIME I NCLUDES VALVE 
ACTUATION T IME, SPARK DELAY, AND  COMBUSTOR CAPACTANCE LAG 
(b) 23 M I L L 1  SECONDS COMBUSTION PRESSURE DECAY TIME INCLUDES VALVE 
ACTUATION (WITH H2 VALVE  LAG), AND  COMBUSTOR CAPACITANCE LAG 
COMBUSTION SlABlTY 
H I  GH PRESSURE 
0 PULSE MOD CONTROL A P  = CONSTANT 
PRESSURE MOD CONTROL A P / P c  S CONSTANT 
LOW PRESSURE 
@ P U L S E  MOD CONTROL A P  = CONSTANT 
PRESSURE MOD CONTROL A P / P C  = CONSTANT (HIGH  ALTITUDE) 
A P / P C  < DESIGN (LOW ALTITUDE)  
e AREA MOD CONTROL AP/Pc<<  DESIGN (LOW ALTITUDE)  
IO0 200 300 400 
CHAMBER P R E S S U R E ,  P 5  I A 
INJECTOR  STABILITY  CHARACTERISTIC 
I TURBINE.  DESIGN: 1 STAGE, PR = 2.0 DESI  GN COMBUSTOR PRESSURE =' 30 P S I  A 
CONTROL 
0 
,0 
- 
3 
POWER LEVEL  -(N.P.) L 
PEAK 
LI DLE 
INJECTOR FLOW CHARACTERISTICS 
FIGURE A46 
7 PROPELLNIT V K V E  ASSEMBLY 
HIGH AND LOW PRESSURE TPU  COMPARISON 
t 
T 
T 
I 
-I 
60,000 RPM R O T A T I V E   S P E E D  
ODESIGN  PRESSURE  RATIO 48.4 
O D E S I G N   P O I N T   E F F I C I E N C Y  .53  
DESIGN  PRESSURE  RATIO 2.87 
@ D E S I G N   P O I N T   E F F I C I E N C Y  . 7 O  
HIGH PRESSURE SYSTEM 
1.500'- 
2.625' '  DIA.- 
1 1.75" 
1 1 
BI= PROPELLANT VALVES 
COMPARISON OF HIGH PRESSURE AND LOW PRESSURE f Y f T E M  
TYP I CAL VALVE CllARACTERl ST1 C 
VALVE  TYPE 
WE 1 GHT (LBS) 
GO2 INLET PORT ( I N )  
GH2 INLET PORT ( I N )  
H2 POPPET SIZE DIA ,  (IN) 
VALVE PRESSURE DROP ( P S I )  
VALVE INLET PRESSURE 
FLOWRATE 
GO2 (LB/SEC) 
GH2 I LB/SEC) 
ACTUATION  TYPE 
RESPONSE, MI LL-I SEC 
DESIGN n F E  CYCLES 
HIGH PRESSURE 
LINKED ON-OFF 
BIPROPELLANT 
POPPET 
5 
0.142 
0.286 
0.5 
20 
350 
0.072 
0.081 
PNEUMAT I C 
6 
1 x 106 
~ ~~ 
LOW PRESSURE 
LINKED ON-OFF 
BIPROPELLANT 
POPPET 
21 
1.25 
2.5 
2.5 
0.8 
34 
0. I48 
0. I67 
HYDRAULIC 
20 
1 x 106 
FIGURE A48 
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